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ABSTRACT 
Organic electronic materials are a new class of emerging materials. Organic light 
emitting devices (OLEDs) are the most promising candidates for future flat panel 
display technologies. The photophysical characterization is the basic research step one 
must follow to understand this new class of materials and devices. The light emission 
properties are closely related to the transport properties of these materials. The objective 
of this dissertation is to probe the relation between transport and photophysical 
properties of organic semiconductors. 
The transport characteristics were evaluated by using thermally stimulated 
current and thermally stimulated luminescence techniques. The photo 1 urnincscence 
detected magnetic resonance and photo luminesce nee quantum yield studies provide 
valuable photophysical information on this class of materials. 
OLEDs are already in the market. However, detailed studies on the degradation 
mechanisms are still lacking. Since both optically detected magnetic resonance and 
thermal activation spectroscopy probe long-lived defect-related states in organic 
semiconductors, the combined study generates new insight on the OLED operation and 
degradation mechanisms. 
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I. INTRODUCTION 
The recent progress in thin film small organic molecular and ^-conjugated polymer-
based light emitting devices is attracting strong attention.^ The numerous articles published 
on organic semiconductors implies that one can only mention a small fraction of the work 
done in this multi-disciplinary field. Therefore we will start with one equation which guides 
major research on organic light emitting materials and devices. The performance of an 
organic light emitting device (OLED) can be evaluated quantitatively by its external quantum 
efficiency, ^ : 
= 9%^/^ (1-1) 
where g is the outcoupling efficiency, is the emitting material's photoluminescence (PL) 
quantum yield (PLQY), is the yield of singlet excitons (SEs) formed by carrier 
recombination, is the carrier balance factor, & is the interface and other quenching factor 
for SE. The interplay of these factors will determine the overall efficiency of the OLEDs. 
Since the electroluminescence (EL) from OLEDs is usually identical to the PL, the 
determination of the photophysical properties of the materials is crucial for high performance 
device fabrication. One of the important quantities to be determined is the PLQY of the 
emitting materials, which is very sensitive to degradation and defect content. Thus, absolute 
PLQY determination provides valuable information on the material. The morphology of a 
molecule depends on not only the sample fabrication procedure but also the history of the 
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sample after fabrication. Therefore one can evaluate the relative defects content by studying 
samples fabricated under different conditions. To evaluate these properties, we built an 
integrating sphere-based system and characterized several organic and inorganic 
semiconductors. 
Optically detected magnetic resonance (ODMR) has proven to be a highly sensitive 
probe of spin dependent recombination processes in small organic molecules^ and #-
conjugated polymers/ It has also been applied directly to polymer and small molecular 
OLEDs/ * In essence, ODMR detects magnetic resonance-induced changes in optical 
transitions, which are induced by changes in spin-dependent processes involving long-lived 
spin-carrying species, e.g., polarons and TEs, and/or their spinless end products, e.g., SEs 
and bipolarons (BPs). These long lived spin-carrying species can affect significantly the 
performance of OLEDs both in dc and ac operation. 
The origin of the positive spin 1/2 polaron photoluminescence (PL)-detected 
magnetic resonance (PLDMR)/clearly the same as the origin of the negative spin 1/2 
PADMR has long been controversial. "The quenching model" attributes the resonance to 
reduced quenching of SEs by polarons, whose population is reduced by magnetic resonance 
conditions/^ This assignment is both plausible, in light of the strong evidence that trapped 
charges due indeed quench SEs efficiently/^ and in good quantitative agreement with the 
behavior of the PLDMR/^* Recently, however, Wohlgenannt et al.^ proposed that the 
resonance is due to enhanced delayed PL, which is due to enhanced recombination of 
nongeminate polaron pairs to SEs ("the delayed PL model"). The major argument on this 
model is in the proportionality of the PLDMR signal intensity on the photogenerated carrier 
density. Therefore, studying both PLDMR and trap level spectroscopy, one may gain new 
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insight on this subject. The results described in chapter 6 are clearly inconsistent with the 
delayed PL model, and reopen the issue of the yield of SEs in OLEDs. 
The transport properties of carriers play strong role in determining the performance of 
organic electronic devices. In amorphous organic films, carrier transport is based on the 
hopping^ among localized gap states. Thermally stimulated luminescence (TSL) is a 
powerful tool for probing the density of these gap states.2^ The TSL glow curves reveal the 
disorder parameters, which may also be obtained from transport measurements.^ Thermally 
stimulated current (TSC) is a quantitative method to determine the carrier trap number 
densities.28,29 Thus by combining TSC and PLDMR we are able to correlate the trap level 
spectroscopy and magnetic resonance studies (see Chapter 5). To the best of our knowledge, 
these two studies are the first comparative studies of thermal activation spectroscopy and 
ODMR of organic semiconductors. 
Organic semiconductors are well known for the very different mobilities of electrons 
and holes, and /&, respectively, in many cases, /V/A < 0.01. Thus, the recombination zone 
for a single layer OLED will be located near the cathode. Due to direct electrode 
recombination and the metallic mirror effect the device efficiency of such single layer 
OLEDs will be very low. Therefore, the hetero-j unction multilayer structures are the logical 
design for high efficiency OLEDs. For multilayer OLEDs, one cannot define carrier mobility 
uniquely due to intrinsic mobility differences among the layers and carrier barriers at the 
organic-organic interfaces. Thus, for multilayer devices, one needs to introduce the concept 
of "effective mobility" to define carrier mobility. The effective mobility will depend on 
both the natures of the materials of multilayer structure and the relative thicknesses of the 
layers. In this situation the easiest way to achieve balanced carrier mobilities is to change the 
4 
relative thicknesses of the layers. To demonstrate this we constructed double-recombination 
zone OLEDs, and by varying the thickness of the layers, we achieved bright white OLEDs. 
The structure of this dissertation is as follows. In Chapter 2, we present a brief 
introduction to organic semiconductor photophysics and device physics. The experimental 
details and related theory are given in Chapter 3. The following chapters are either published 
papers or drafts of upcoming papers generated during this study. In Chapter 4 a study of the 
PLQY of several organic and inorganic semiconductors is presented. Chapter 5 and 6 are 
joint thermal activation spectroscopy and PLDMR spectroscopy studies on ^-conjugated 
materials, which provide further insight on the relation between carrier trapping states and 
PLDMR. The PLDMR of the representative small organic light emitting material tris-
(hydroxy quinoline) aluminum (Alq3) is given in Chapter 7. The following Chapter 8 
describes the multilayer white OLEDs mentioned above. Finally, Chapter 9 summarizes of 
this work and suggests future directions in this area. 
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H. INTRODUCTION TO PHOTOPHYSICS AND DEVICE PHYSICS OF 
ORGANIC SEMICONDUCTORS 
2.1. Photophysics of Organic Semiconductors 
In this section, we examine various photophysical processes of organic molecules that 
can be extended to conjugated polymers. We will briefly discuss the electronic transition in 
organic molecules. Since the initial development of the photophysics is based on small 
organic molecular systems, we will also include some aspects of the photophysics of #-
conjugated polymers. The primary photoexcitation for small organic molecules is believed to 
be a Frenkcl exciton1. For the ^-conjugated polymer case, there are two schools still debating 
the nature of the primary photoexcitation. One school, led by Alan J. Heeger, claims that it 
must be a band to band transition with a negligible exciton binding energy of only a few T. 
The other school, led by Richard H. Friend, claims that it must be a strongly bound Frenkel 
type exciton with binding energy of - 1.0 eV. Detailed discussions on this matter can be 
found in Ref 2. The theoretical and experimental findings now converge to accept that the 
primary photoexcitation of ^-conjugated polymers are excitons with binding energy of about 
0.3 eV/ More detailed description on excitons in #-conjugted polymers can be found in Ref. 
4 and 5. 
The concept of the exciton is widely used in condensed matter physics.*'^ This entity 
refers to a neutral quantum of electronic excitation. Due to its charge neutrality, it can 
migrate without much effort among surrounding isoenergetic states. Therefore, it is an 
efficient way of energy transport among molecular sites. Figure 2.1 shows a schematic 
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diagram for a Frenkel exciton, a charge-transfer exciton, and Wannier exciton. The optical 
properties of organic molecular solids are directly related to those of isolated molecules. This 
is because the structural integrity of organic solid is provided by weak Van der Waals 
interactions. However, strong covalent bonding bound the basis molecules between 
constituent atoms. This observation is in fact the basis of Frenkel exciton theory. When 
excited state forms a Frenkel exciton, only one molecular subunit is excited and the 
neighboring molecules are weakly perturbed. This then leads to the formation of a very 
narrow excitonic band without any dispersion. The time resolved photoluminescence of 
conjugated polymers shows that the longer wavelength emission has a slower decay time 
compared to that of the short wavelength emission.* The exciton migration is possible not 
only within isoenergetic states but also in lower lying excited states. This exciton migration 
is believed to be the primary reason for the longer lifetime for redshifted emission. 
While the Frenkel exciton can be described as tightly bound to a single molecular 
site, the Wannire exciton is extended over several unit cells of the crystal. Wannier excitons 
are generally prevalent in inorganic semiconductors, where the relatively high dielectric 
constant favors screening of the electron-hole interaction.As a result of its large size in 
comparison to the lattice spacing and it can be conceived as a hydrogenic atom/' 
2.1.1. Molecular orbitals and many-electron states 
Organic molecular systems with the hybridization of carbon atomic orbital leave 
one electron for each carbon site. The hybridization forms a backbone structure in the 
molecular plane and the remaining one electron ^ orbital lies perpendicular to the plane of 
molecules. Following the single-electron molecular orbital (MO) theory the low-lying 
9 
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Figure 2.1. Excitonic excitations in condenscd matter. The diagram shows tightly bounded 
Frenkel exciton, two-site charge transfer exciton, and weakly interacting Wannier exciton. 
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Figure 2.2. Molecular structure of fraw-stilbene (a) which has C;/, symmetry. The one-
electron energy level and many-electronic level are shown. The ground state (b), singlet 
exciton (c), triplet exciton (d), and two-photon excited state (e). 
excited states involve one-electron transitions. Therefore, these # orbitals will determine the 
low-lying electronic transitions. Figure 2.2(a) shows frww-stilbene, which has been well 
investigated in the literature. The spatial group of fraws-stilbene is called groupé and 
it contains four symmetry operations: (a) a trivial identity, (b) a reflection with respect to the 
plane of the molecule, (c) a 180° rotation about z-axis, (d) an inversion about the center of 
the molecule. Due to the nature of the orbital, all the low-lying MOs should have odd 
symmetry with respect to reflection through the molecular plane. Thus the MOs will have 
definite symmetries for the remaining rotational and inversion operations. These one-electron 
levels are labeled and 6g, where a (6) indicates even (od#) with respect to the rofafzon and 
g (u) indicates even (odd) with respect to the inversion. The number of nodes will determine 
the energy for a given wavefunction. For fraw-stilbene the total number of electrons is 14 
and all au states have an even number of nodes and all bg states have an odd number of 
nodes. Therefore, the states start with symmetry and alternate symmetry with increasing 
energy. Figure 2.2(b) shows the schematic energy levels for frww-stilbene. Since fra/w-
stilbene is a centrosymmetric molecule, it has additional charge-conjugation symmetry. This 
means that the unoccupied energetic levels will have mirror symmetry of the occupied 
energetic levels with respect to the midgap energy Eg. 
By combining these single-electron wave function one can form the many-electron 
wavefunction. In other words, the many-electron wavefunctions can be thought as a Blaster 
determinant of the single-electron wavefunctions. In the ground state, all electrons are spin-
paired and each level contains at most two-electrons. The symmetries of many-electron states 
are denoted with capital letters, Figure 4.2(b-e). The general form is where the leading 
interger "m" is the state number, the superscript "g" indicate the multiplicity, "S" is the 
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reflection symmetry, and the subscript "p" is the parity symmetry of the state. For example, 
the ground state of frww-stilbene is l\4* since the overall symmetry of the ground state 
wavefunction is even. This implies that the ground state of frwu-stilbene is the first state of 
v4g symmetry and spin singlet. By promoting an electron from the highest occupied molecular 
orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) one can create the 
lowest-lying excited state, Fig 2.2(c-e). Then the excited molecule has one odd-electron (6*) 
with respect to rotation and one odd-electron (a%) with respect to inversion. Thus the 
resulting many-electron wavefunction for the lowest-lying excited state will have l#u. 
Depending on the spin configuration one can have either singlet or triplet l^Bu as the 
lowest-lying excited state. ^g and are the only possible symmetries of the system thus one 
can also construct excited states with ,4g symmetry. Since the dipole operator is odd with 
respect to inversion, the optically allowed transitions are required to change the parity 
between two levels such that /4g or ^ -> ^g. Therefore and v4g states are usually 
called as one- and two-photon states, respectively. The higher lying two photon states are 
represented in literature as fndg. 
Depending on the symmetry of the lowest-lying singlet state, the fluorescence 
characteristics of a molecule is determined. For molecules with weak electronic correlations, 
the lowest-lying singlet excited state is symmetry and the transition is fully allowed. 
These molecules usually show strong fluorescence since the fluorescence can only occur 
from the lowest singlet excited state. ^  If the molecule has a strong electronic correlation, 
then the lowest singlet excited state is ,4g symmetry. These singlets generally do not emit due 
to the selection rule. 
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2.1.2. Electronic transitions in organic molecules 
For electric dipole transitions, the determination of magnitude and polarization of the 
transition moment is important in the assignment of an excited electronic state. The Einstein 
B-coefficient describes an a&so/pfzoM frawMo/z from a lower electronic state / to an upper 
electronic state u:15 
'«> 
where s(y)is the molar extinction coefficient at wavenumber v, c is the speed of light, h is 
Planck's constant, N is Avogardro's number, n is the refractive index of the molecular 
environment, and g is a multiplicity factor (= one for singlet-singlet transition). M is the 
mean electronic transition moment, given by: 
(2-2) 
where # and are the electronic wavefunctions of / and w, respectively, and M is the mean 
electric dipole operator. 
The Einstein ^-coefficient describes an emission transition from a higher electronic 
state w to a lower electronic state 
A = 
3A 
(2.3) 
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where l(v) is the relative luminescence quantum intensity at wavenumber v, and the integrals 
are taken over the whole luminescence spectrum associated with the transition. Mis the mean 
electronic transition moment, given by: 
M „ =  W . )  ( 2 - 4 )  
If the equilibrium nuclear configuration of / and w are the same, then M& = M%/. If the 
equilibrium nuclear configuration of / and w differ, then 9^ M%/. Many organic molecules 
show mirror symmetry between absorption and emission spectra. The degree of mirror 
symmetry reflects the degree of similarity of the nuclear configurations in the ground and 
excited states.^ 
Electric dipole transitions are subject to selection rules. The multiplicity selection rule 
(A3 = 0) forbids transitions in which there is a change in the total electron spin quantum 
number & The ground state of an aromatic hydrocarbon is a singlet state (3=0). Half of the 
excited ^-electronic states are singlet state (3=0) and half are triplet states (3=7). If the triplet 
state were pure then only half of the excited ^-electronic states, those with 3=0, could be 
observed in absorption from the ground state. The parity selection rule in centrosymmetric 
molecules (g <-> w; g <—g; « < -1--> w ) forbids transitions between states of the same 
parity. The ground state of an aromatic hydrocarbon is of even (g) parity. Half of the excited 
^-electronic states are of odd (w) parity, and half are of even (g) parity. If the excited states 
were of pure multiplicity and of pure parity, then only a quarter of the excited ^-electronic 
states, the singlet states of odd (w) parity, could be observed by absorption transitions from 
the ground state. 
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If there is spin-orbit coupling, the multiplicity selection rule can be relaxed. The spin-
orbit coupling will introduce a small admixture of singlet character into the triplet states and 
a small admixture of triplet character into the singlet states. For non-centrosymmetric 
molecules, the parity selection rule will be somewhat relaxed. Since the asymmetric 
vibrations will generate distortion on the symmetry of the electronic states, the states will 
have some admixtures of opposite parity. 
Form luminescence quantum efficiency and lifetime measurements, Aiu can be 
determined experimentally. If the fluorescence from the first excited singlet state 5/ to the 
ground state % has a quantum efficiency of g## and a lifetime of then the radiative 
transition probability is: 
=
iaL 
= A(S1->S„) (2.5) 
the radiationless transition probability from 3/ can be determined, since: 
(2.6) 
In most solid state aromatic hydrocarbons, the 3/ % fluorescence spectrum F(v) is 
approximately the mirror image of the % 3; absorption spectrum g(v). This indicates that 
the nuclear configuration of /(%) and are similar. Then the transition dipole moment is 
a symmetric matrix and the Einstein B coefficient is also symmetric In 
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this case, agrees reasonably with the theoretical value obtained from the Einstein 
relation: 
4, = (2.7) 
This is generally valid for the solid state aromatic hydrocarbons, because of their molecular 
rigidity. By combining above equations, one obtains the S trickier-Berg equation:^ 
,  _ 8 a r x  2 3 0 3 c  
= 2.88x10 (2.9) 
where the integrals are taken over the fluorescence spectrum F(v) and the absorption 
spectrum g(v), respectively. If the media is dispersive, such as the refractive index » = in 
fluorescence region and in the absorption region, then is need to be replaced^ by 
If the nuclear configurations between % and 3/ have a large difference then the above-
mentioned S trickier-Berg equation will have a large difference from the experimentally 
determined 
Figure 2.3 shows the schematic electronic structure of a typical molecular system and 
the relevant photophysical processes. The ground state is labeled %, and excited singlet states 
are labeled 3/ and S*. The triplet states are labeled T/ and 7%. Note that the lowest triplet 
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excited state is always lower m energy then the corresponding singlet state as a consequence 
of the exchange interaction. The absorption of light generally causes a transition from % to 
some excited state The excited molecule rapidly relaxes to the 3/ state through emission 
of vibrational quanta. This process is called internal conversion (IC), and is supposed to be 
much faster than any other process in the molecule. The 5/ state has several options: (a) it can 
convert to the ground state by emission of vibrational quanta (internal conversion, IC); (b) it 
can return to the ground state with spontaneous emission of a photon (fluorescence, PL); (c) 
it can cross over to a triplet state (intersystem crossing, ISC). Singlet-to-triplet transitions are 
dipolc-forbidden but are enabled by the spin-orbit interaction. The excited triplet quickly 
relaxes to the 7/ state through internal conversion. The 7/ molecule can convert to the ground 
sate via internal conversion. It can also decay radiatively (phosphorescence). 
Phosphorescence is spin-fbrbidden; therefore, it is typically weak. 
Singlet Manifold | Triplet Manifold 
Photoconductivity 
Charge injection 
. 
electron-* hole ) Tn 
IC 
S,(l Bu) IC 3 
-T,(l Bu) ISC 
Absorption 
Phosphorescence 
Figure 2.3. Basic photophysical process in organic semiconductors. The diagram also shows 
the carrier-injection-related processes with thick dotted arrows. 
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2.1.3. Long-lived excited states in organic semiconductors 
The absorption and luminescence of organic material shows distinct vibrational 
progression. This is an indication of strong electron-phonon coupling. Thus excitons formed 
in organic solids will be dressed with phonons. Other systems that have strong electron-
phonon interaction are condensed rare gases, F-centers in alkali-halide crystals, and 
excimers.^ These types of exciton are called exciforw and they are localized by 
the electron-phonon interaction in several unit cells. Generally, there is a barrier between the 
free and self-trapped exciton states. However, One-dimensional systems are unstable with 
respect to the electron-phonon interaction. Therefore, no barrier exists between a free exciton 
and a self-trapped exciton in one-dimensional systems. The change in lattice conformation 
ibr a self-trapped exciton is generally large. The effect of the large distortion between ground 
state and excited state reflects on the absorption and emission spectra as Stokes' shift. This 
type of state will show a longer lifetime than spontaneous emission. 
Another type of long-lived excitation is charged excitation in organic materials/ 
Figure 2.4 shows the excitons in conjugated molecules. Due to strong electronic correlation, 
the charged species in conjugated materials will be dressed with phonons and are called 
po/wow and There are two ways of generating polarons in conjugated 
molecules. One is the injection of charge carriers in organic light emitting devices. The other 
is photo-generated charge excitation.^ The latter case requires the separation of an electron 
and hole larger than Coulomb capture radius. Ionized impurity centers can also act as a 
charge separation center by capturing opposite carriers. A bipolaron consists of two like 
charges with opposite spins bound together within the same conjugation length. Calculations 
for the bipolaron show that it must be stabilized by oppositely charged ions/° 
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LUMO 
HOMO 
bp2+ p+ p- bp2- SE TE 
Excitons in conjugated organic materials 
Figure 2.4. Excitons in conjugated materials. Bipolarons (bp2^, bp2") are doubly charged 
spin 0 particles, polarons (p^, p") are singly charged spin % particles. Singlet exciton (SE) and 
triplet exciton (TE) are neutral excited states with spin 0 and 1 respectively. 
% ISC 
fAog* Aorce 
CT 
^nr ^ r 
p + 
4" T 
r 
Grow#/ 
Figure 2.5. Photogeneration of charged excitation in conjugated molecules. The initial states 
are singlet excitons. These can be dissociated by charge transfer process or by impurities. 
The excited state absorptions are also shown in figure. The photoinduced absorption of 
triplets (Ti T„) and polarons (Pi, P%) are indicated by upward arrows. 
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Triplet excitons (TEs) are long-lived neutral excited states. The intersystem crossing 
from lowest excited singlet state 5/ to lowest excited triplet state 7/ is inefficient due to spin 
conservation. A more efficient way to populate triplet states is upper excited state transfer/ 
Since the intersystem crossing rate is inversely proportional to the difference in energy 
between the singlet and triplet states involved, the rate is larger in higher lying excited states 
due to the smaller energy difference. The intersystem crossing from the excited triplet state 
T/ to the ground state singlet So is spin-forbidden process. Therefore, the radiative lifetime of 
TEs is significantly longer than that of the SEs. To extract more light from OLEDs, several 
studies have been done by using phosphor doped OLEDs?^ The internal 
electroluminescence quantum efficiencies are now reaching almost theoretical limits for 
organic electrophosphorescent devices.23,24 
These are all in-gap states, thus the transitions between these levels are located lower 
than Eg of the material. Figure 2.5 shows the photo-generated charged exciton formation in 
conjugated polymers. Polarons carry both spin and charge, therefore they are responsible for 
the magnetic resonance spectroscopy. When detecting the magnetic resonance effect via 
photoluminescence (PL) then the steady state population of these species will control the 
effect on PL. Therefore the spinless bipolarons can also affect the magnetic resonance 
spectra, provided that their steady state population varies due to the magnetic resonance 
effect. 
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2.2. Operational Mechanism of Organic Light Emitting Devices 
A simple OLED can be constructed by inserting a thin layer of organic material 
between two electrodes. The anode is usually indium-tin-oxide (ITO) and the cathode 
material is a low work function metal. By applying a forward bias between the two electrode, 
carriers will be injected from the electrodes and drift through the organic layers. At the 
recombination zone some of the carriers will form excitons, and some of these will decay 
radiatively. Figure 2.6 shows a schematic operation of a single layer OLED (SOLED). In this 
section we will briefly discuss charge carrier injection, transport, carrier recombination, and 
radiative processes. 
Figure 2.6. The basic processes in a single layer OLED (SOLED). Holes are injected from 
the indium-tin-oxide (ITO) anode and electrons are injected from the metal cathode, in this 
case A1 (a); these carriers migrate to the recombination zone (b); some of these carriers will 
recombine to form singlet excitons at the recombination zone (c); when the hole mobility is 
higher than the electron mobility then the recombination will occur near the cathode (d). 
SLOLED (Forward Bias) 
Exciton 
a 
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2.2.1. Carrier injection in organic light emitting devices 
The resitivity of organic light emitting materials without any doping range typically 
from 10^ Ï2 cm to 10^ Ï2 C7M at low field (< 10* This implies that the organic 
materials, without any doping, would have low intrinsic carrier concentration and/or mobility 
and will behave as good insulators. However, at high field the behavior of organic 
semiconductors is quite different from that of insulators. The current density can easily reach 
1000 mA/cm2, and in pulsed operation26'27 it can reach up to 1000 A/cm2. This indicates that 
the high field injection and transport mechanism needs to be understand for this class of 
materials in order to understand the operation of OLEDs. 
The structural integrity of organic solids is provided by the weak Van der Waals 
interaction. Thus, in first approximation, the organic solid can be considered as a weakly 
coupled molecular gas system. The electronic structure of organic solids is based on the 
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 
(LUMO) of individual molecules. Due to the weak intermolecular interaction, the electronic 
transitions are almost identical to those of the isolated molecule and the bandwidth of the 
conduction and valence bands are narrow. Figure 2.7 shows the important energy levels for 
an organic layer inserted between two electrodes without contact. The carrier transport 
properties will determine the internal carrier densities and »g at a give electric field E. The 
intrinsic carrier densities of organic semiconductor are very low, lO^-TO^/c#/, and these are 
mainly introduced during the material synthesis and OLED fabrication processes. This results 
in a low carrier mobility of - 10^-10^ for most organic semiconductors, as 
compared to that in inorganic semiconductors, where the mobilities are 1-10^ By 
doping, one can load organic semiconductors with carriers in order to achieve higher 
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Figure 2.7. Energye levels for a single layer OLED. In this case the anode is ITO and the 
cathode is Al. The work functions for ITO and A1 are marked as Wrro and W*i, respectively. 
The LUMO and HOMO of the organic material are also shown. In many applications the 
ionization potential (IP) and the electron affinity (EA) can be used to determine the HOMO 
and LUMO levels. However, it is not always the case that the energy gap Eg of the material is 
the difference between IP and EA. The injection barriers for hole and electron are also 
marked. The hole-barrier 0we is the difference between Wrro and the HOMO of the organic 
layer and the electron-barrier Og/garc, is the difference between W*i and the LUMO of the 
organic layer. These barriers strongly depend on the interface characteristics. However, as a 
first approximation, the above mentioned energy levels provide a starting point for device 
construction. In practice, an air stable cathode material with low work function is difficult to 
find and this generates large barrier offsets between anode and cathode. 
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conductivity.^ The usual dopant material varies but the majority of the dopants are strong 
charge transfer materials. In this way one may relax the weak coupling limit of the transport 
property and may generate new bands for carrier transport. However, this will completely 
remove any emissive characteristics of the organic materials. Therefore, the strong charge 
transfer type doping in OLEDs is incompatible with the required emissive properties. 
Two possible carrier injection mechanisms should be considered. One is Richardson-
Schottky thermal emission and the other is tunneling injection. These are based on inorganic 
semiconductors. The Richardson-Schottky emission process is given by:^ 
J = exp (2.10) 
where m is the effective mass of the carrier, ks is Blotzmann's constant, h is Planck's 
constant, T is the temperature, g is the elementary charge, 0# is the barrier height, and K is 
the applied voltage. Since carrier thermal energy is about 30 and the nominal barrier 
height at the organic-cathode interface is - 1.0 eV,^ it would be difficult to achieve high 
current densities (- 1000 /nd/c#/) in OLEDs by means of Richardson-Schottky emission 
only. Still, it is possible to inject the carriers into the organic layer by this process if there is a 
significant number of impurity states that can be introduced by accidental doping or by 
structural deformation of the organic material near the organic-cathode interface. 
The second mechanism for carrier injection into an organic layer is Fowler-Nordheim 
(FN) tunneling injection through the triangular potential barrier:^ 
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(2.11) 
where mo is the mass of the free electron and is the effective mass of a carrier. At the 
nominal operating ^ field (- 1 MP/cm) the tunneling distance is too large (-10 »/»), thus as it 
is, the FN current cannot explain the injection process of OLEDs. However, further lowering 
of the injection barrier or the actual applied field at the metal-organic interface is higher than 
the mean field then the FN mechanism is still applicable. Furthermore, the FN formalism is 
not temperature dependent but the current-voltage dependence of OLEDs studied so far is 
temperature dependent.^ Thus, a direct application of FN formalism to OLEDs is still 
questionable. However there is no direct experimental evaluation of the internal field 
distribution for OLEDs, especially the injection zone around the metal-organic interface. 
Therefore both Shottky-Richardson mechanism and FN mechanism are still viable 
explanations for the injection mechanism. 
2.2.2. Carrier transport mechanisms in organic semiconductors 
Disordered organic semiconductors are well known for the field dependence of their 
carrier mobility. The dependence of carrier mobility on the electric Held F follows the 
famous Poole-Frenkel relation/* 
(2.12) 
25 
that was originally suggested for the description of carrier detrapping from Coulomb traps by 
an applied field. In more tractable form, it can be shown as:^ 
where ^ is the trap depth atE = 0 and T is the temperature. ^ is defined as: 
(2.13) 
^=2(6 / / f ) "2  (2.14) 
where g is the elementary charge and g is the dielectric constant of the medium. The field 
dependence of carrier mobilities in organic solids are believed to originate from the 
and doping effects can be found in references 38 and 39. 
Due to the small intrinsic carrier density », of organic solids, the current-voltage 
relation will follow Ohm's law at low applied field. At higher field, the injected carrier 
density would be larger than that of the intrinsic carrier density. In this situation the excessive 
injected carriers start to form space charges near the organic-electrode interfaces due to the 
low mobility of the carriers in the bulk of the organic materials. This space charge layer 
effectively enhances the internal electric field and the current flow follows a space charge 
limited current (SCLC) behavior/* 
unavoidable trap distribution in these class of materials/*'^ Further details on the disorder 
_ 96//F 
8Z? 
(2.15) 
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where g is the dielectric constant, and Z is the sample thickness. The development of space 
charge inside the OLED means that the local charge neutrality cannot be achieved in 
operating OLEDs. However, global charge neutrality is still retained. If we extend this 
concept to multilayer OLEDs, then the local charge distribution and the dynamic equilibrium 
of charge carriers would strongly affect the efficiency and the determination of the 
recombination zone. The nominal device operating voltage of a well constructed OLED is 
around 6 F with a typical 100 nm thick organic layers. This will induce field strengths 
averaging - 0.6 over the device. The interplay of SCLC and the field dependence 
barrier reduction by image charges at the metal-organic interface generate the large current 
density we observe in OLEDs/° Thus, the enhanced internal Geld induced by space charge 
layers and the Held dependent injection barrier lowering of Richardson-Schottky emission 
allows the intrinsic carrier-deficient organic semiconductor to achieve reasonably high 
current densities under normal operating conditions. Thus, the insulating nature of intrinsic 
organic semiconductors can be overcome by fabricating ultrathin film devices. 
2.2.3. Carrier recombination and light emission process 
There is still no well-defined formalism on carrier recombination in multilayer 
OLEDs. Since the mobility is a parameter for each organic layer and in many cases it is not 
well studied for all the materials we are incorporating in OLEDs. Also the for a single 
layer is not unity since it is well known that most organic materials are unipolar 
characteristics in transport viewpoint. Thus here we present a concept for the effective 
mobility for holes and for electrons, and respectively. These effective mobilities 
then will control the current flow inside multilayer OLEDs. A fraction of hole currenty* and 
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electron current^ will recombine somewhere inside an OLED. The remaining fraction of 
and y, will recombine at the cathode and anode, respectively. The energy released by these 
latter events is converted into heat. When the structure is designed appropriately for a given 
field, the device achieves carrier balance. However, even carrier balance does not mean a 
100% carrier recombination. There is always a possibility that residual carriers reach the 
counter electrodes. 
As we will see in a case study of white OLEDs (Chapter 8), in a multilayer device 
structure the recombination current can be evaluated by designing the device to have two 
recombination zones. Based on a simple effective mobility argument, we can control the 
recombination zone at will by changing the thickness of the intermediate layers. This would 
result in control over the effective mobilities jueeff. However, other issues such as 
recombination at the electrodes, or evaluation of the roles of Forster energy transfer or trap 
related recombination, etc, require further studies. 
The PL of the emitting films and the EI, spectra of OLEDs are usually almost 
identical; indeed in polymer OLEDs the EL usually shows a well-defined vibrational 
progression. Therefore, the EL of fluorescence-based OLEDs originates from the radiative 
decay of SEs to the ground state. These SEs are created by recombination of carriers that are 
injected by the electrodes and drift to the recombination zone. The injected carriers do not 
have any spin correlation, so the recombination is purely nongeminate. This is the basis of 
random Langevin type recombination, where 25% of recombination events generate SEs and 
the balance of 75% generate TEs. In small molecular OLEDs the carrier recombination is 
believed to be indeed a Langevin type recombination, yielding a SE to TE ratio of 1 to 3. 
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However for the bond-charge correlated ^-conjugated polymers this ratio is currently being 
strongly debated"'^ 
The TE can contribute to the EL mechanism via TE-TE annihilation to SEs/ The 
study of electroluminescence quantum yield (ELQY) evolution with injected carrier density 
shows that at high carrier density such TE-TE annihilation plays an important role in the 
overall EL.** Furthermore, at even higher carrier density, carrier-induced absorption and 
triplet-induced absorption are believed to be the major mechanisms inhibiting carrier-
injection-based-lasing from these devices.^ 
Under moderate driving current condition and the low-current approximation, the 
maximum internal ELQY is 20% for an OLED based on a material with PLQY of 50%. This 
will give an external ELQY of 3.3%, assuming an outcoupling factor'' g = l/(2%2). This 
estimate assumes no quenching of SEs. The recent improvements in the external quantum 
efficiency of OLEDs over 3% then indicate that either the outcoupling efficiency is higher 
than (2%2)^ or the cross section for SE formation does not follow simple random Langevin 
recombination, especially for ^-conjugated polymer OLEDs/2 
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HI. THEORY AND EXPERIMENTAL DETAILS 
3.1. Photoluminescence Detected Magnetic Resonance (PLDMR) 
Optically Detected Magnetic Resonance (ODMR) is one of the most sensitive 
methods for detection of optically excited paramagnetic states in a wide variety of materials. 
The technique was developed in the early 60s and recently extended to the detection of a 
single spin in tetracene. ' In ODMR, one detects a change in an optical quantity such as the 
PL, photoinduced absorption (PA), phosphorescence (PH), electroluminescence (EL), or 
electrical quantities such as conductivity or photoconductivity. In addition zero-field 
phosphorescence-based ODMR has also been developed.2 High-field ODMR is due to the 
paramagnetic interaction with an applied external magnetic field, and the effects of this 
interaction on the optical or electrical quantity which is being monitored. 
3.1.1. Spin Hamiltonian for PLDMR 
The spin Hamiltonian for non-zero spin species in a magnetic field can be expressed 
as: 
# = S g # (3.1) 
where S is the spin of the particle, g is a tensor describing the interaction with the field, and 
# is the applied magnetic field. 
In organic materials, the electron # orbitals are locked in fixed directions relative to 
the molecular axis by the electric field of the chemical bonds. Thus, the electronic orbitals 
are not free to precess and become oriented along the direction of an applied magnetic field. 
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Then the angular momentum and the associated orbital magnetic moment become decoupled 
from the spin moment; this result is called or6zfa/-aMg«Zar mzoTMgfzfwfM gwencAmg. As a result, 
organic molecules have nearly isotropic g factors close to the free electron value of 2.0023.^ 
Thus, the g tensor can be replaced by a scalar value and the Hamiltonian is reduced: 
#  = gS#  (3 .2)  
3.1.1a. High-Geld spin 1/2 resonaces 
Consider a weakly interacting electron-hole pair. In this case, the spin-spin interaction 
energy will be negligible relative to the Zceman splitting of the energy levels. The spin of 
each particle can align against or along the magnetic field, resulting in four possible energy-
levels, which can be expressed as follows: 
£ = |(±g.±g»)M (3-3) 
where gg and g& are the electron polaron and hole polaron g values, is the Bohr magneton, 
and #<, is the magnitude of the applied magnetic field. 
The ground states of most organic semiconductors are singlet states. Thus, the states 
which are in the singlet configuration can decay radiatively, whereas those in the triplet 
configuration will decay nonradiatively due to the requirement of spin conservation. In other 
words, the recombination of spins in the singlet configuration will be faster than that of in the 
triplet configuration. This results in a steady state population difference between singlet and 
triplet pairs (n%, ng < n,, 114). The application of microwaves at the field of resonance with: 
Av = g,/%# or Av = g*/#/ (3.4) 
will equalize the steady state populations between states such that n; = ng or % = n*. Initially, 
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there is a rapid increase in n% and ng that is accompanied by an increase in the PL. This is 
referred to as a PL-enhancing or positive resonance. As seen from pulsed PLDMR 
experiment on ZnS crystal/ the application of microwave causes an initial rising PL spike. 
The PL then decays to a newly formed steady state PL which is stronger than without 
microwaves. This indicates that the build up of the non-radiative pair population is reduced at 
magnetic resonance. Figure 1 shows the schematic energy levels of uncorrellated 
electron-hole pairs in a magnetic field. 
Some processes yield a PL quenching negative resonance which may be due to 
enhancement of a spin-dependent nonradiative channel at the expense of the radiative 
channel. For example, the change in the population of geminate electron-hole pairs can 
generate a PL quenching resonance since these pairs are created in the singlet configuration 
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Figure 3.1. Schematic energy levels with field for weakly interacting distant electron-hole 
pairs in hydrogenated amorphous Si (a-Si:H) at low temperature/ 
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and can quickly recombine to radiative SEs. However, at resonance the microwaves flip one 
of the spins and the pair is converted to a triplet pair configuration that can no longer decay 
radiatively, so a negative PL-quenching resonance is detected. 
The foregoing scenarios obviously do not cover all the processes involved in PL-
enhancing and PL-quenching resonances. Since the PLDMR is an indirect method for the 
detection of spin-dependent recombination (see chapter 6), the interplay between long-lived 
steady state population of spin dependence species can cause change in PL in many different 
ways. The above mentioned process are in a sense a direct change in single population at 
resonance but there are growing indications for the existence of several indirect processes. 
3.1.1b. Spin 1 TE resonance 
TEs can be considered as a pair of interacting spin 1/2 particles, and PLDMR has 
proven to be a sensitive technique to detect and characterize them. A brief description of the 
theory on the detection of TEs follows; more comprehensive treatments can be found 
elsewhere.*'^'* 
The spin Hamiltonian for two interacting spin-1/2 particles in a magnetic field can be 
expressed as: 
^ ~ HZeeman ^Spin-Spin ^ Hyperftne (3-5) 
where is the Zeeman interaction of the spins with the applied magnetic field, 
is the spin-spin dipole interaction, and is the hyperfine interaction between the 
electronic and nuclear dipole moments. 
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All samples studied in this work were disordered, and due to fast exciton diffusion, no 
hyperfine structure can be detected. The exciton samples all possible hyperfine environments 
in a relatively short lifetime. The effects of hyperfine splitting have been largely neglected, as 
the primary effect of hyperfine splitting will be to broaden the detected resonances. The 
triplet resonances detected are quite broad (> 200 G). 
A Hamiltonian describing the dipole interaction for an ensemble of magnetic 
moments is: 
where ri} is the displacement vector between any pair of moments and fi} is the magnetic 
where & is the spin vector for the particle. Thus, for a pair of interacting particles the 
spin-spin Hamiltonian can be written as: 
(3.6) 
moment of any dipole. The magnetic moment of a particle with nonzero spin is // = 
(3.7) 
r r 
Eq. (7) can be expand into the component of total spin angular momentum S as:^ 
# = (r'-3x^ + (ry3/)s; + p-3z^ 1 
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=S  D-S where  D  =  
-3xy 
-3z% 
-3xy -3z% 
- 3)/ - 3^z 
- 3_yz - 3z^ 
(3.9) 
Since the spin interaction tensor D is not singular, it can be diagonalized. The basis of this 
tensor determines the principal axes of the triplet with respect to the molecular axes. In this 
system, the Hamiltonian now can be written as: 
1 2 ni 
=—2  ^  3z' 
-ZS Djs ' - l s t s  +  l l j  +  f i l s l - s , 1 )  
(3.10) 
Since D is a traceless tensor, the diagonalization keeps this property, i.e. % + 7 + Z = 0. 
Thus there are only two independent parameters to characterize the triplet wavefunction. 
d
"y£ = 1 ? = ™ï g r r7^"  ( 3 - H )  
Figure 3.2 shows the zerofield splitting of energy levels in a triplet exciton. Each 
zerofield energy level is associated with a principal axis of the molecule. When all three axes 
are inequivalent, they are assigned such that D > 3E. The z axis is associated with the 
principal axis of the sublevel split furthest from the other two. The splitting between the 
39 
remaining two triplet sublevels equals 2E. When two levels are degenerate, the third 
direction is taken as the z-axis and This means that the degenerate axes are equivalent 
and the spatial wave function describing the triplet with has axial symmetry. D and E 
are called the zerofield splitting (ZFS) parameters and characterize the triplet exciton. E is a 
measure of the departure from axial symmetry and the upper bound on the spatial extent of 
the triplet exciton can be calculated from D. 
Figure 3.2. Splitting of triplet energy level in the absence of an external magnetic field, i.e. 
Zero-Field Splitting (ZFS). For the case of E = 0 the two levels are degenerates and the triplet 
wavefunction has an axial symmetry (a). In the other case, the magnitude of E determines the 
departure from axial symmetry of the triplet wavefunction. 
The eigenvalues of the spin Hamiltonian will depend upon both the magnitude of the applied 
(3.12) 
T % / 
z 
(a) D > 0, E = 0 (b )D>0,  E  =  0  
field and its relative direction to the principal axes of the molecule. Figure 3.3 shows a 
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schematic diagram of energy vs. applied field intensity for the applied field aligned along 
each principal axis of a triplet exciton. If the principal axis is parallel to the applied field then 
the energy level of the principal axis will be independent of the field strength and it becomes 
the sublevel. The other two sublevels are mixed, with one split to higher energy (m, = 
+ 7) and the other (m, = - 7) split to lower energy as the applied magnetic field intensity 
increases. 
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Figure 3.3. Triplet energy levels for magnetic field # aligned with each of the three principal 
axes. In each case the vertical arrows indicate the microwave-induced resonant transition 
between triplet sublevels. The solid arrow indicates the half-field resonance condition and the 
dotted arrow indicates the full-field resonance transitions. 
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The vertical double-sided arrows mark the microwave-induced transitions. The solid arrows 
indicate the forbidden half-field transition between sublevels (j-l) ->|+l)). The dotted 
arrows indicates those full-field transitions between (j-l) —» |0)) and (jo) —> |l)). 
The magnetic resonance signals can be detected at different fields of resonance, 
depending on the orientation of the triplet principal axes to the external magnetic Geld. If a 
single crystal sample is used, the zero Geld splitting parameters can be determined by 
measuring the positions of the resonance transitions at different orientations of the crystal 
relative to the applied magnetic field. ^  
In order to detect a PLDMR, the populations of the different sublevels must be unequal. 
The population difference from equality is called spin polarization and is defined as follows: 
f = (3.13) 
where and M, are the populations of levels ; andy. 
The energies of the different triplet sublevels will be different in a magnetic field. 
Thus even the thermalized spin system would have population difference in the external 
magnetic field. The spin polarization of a thermalized spin system will follow the Boltzmann 
statistics, f), = , such that: 
(3.14a) 
(3.14b) M -(Ec-fJ/tar 
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The spin-lattice relaxation time (Ti) is a parameter which characterizes the rate at which the 
bulk magnetization approaches its thermal equilibrium value when the magnetic field is 
switched on. Thus Ti is a quantity describing the strength of the spin-lattice coupling, 
charactering the rate at which the spin polarization departs from Boltzmann statistics. A spin 
system is subjected to a constantly fluctuating random magnetic field arising from its 
environment. If this field contains the Larmor frequency of a specific electron then this will 
induce a transition between the spin levels. Since the transition follows an exponential law/ 
Tl is defined as: 
(') = ko (0) - Mjexp 
v Tx j 
(3.15) 
where fyofoq) is the thermalized spin polarization. 
The other means of generating spin polarization are generation and recombination of 
spin systems. Triplet excitons in conjugated molecular systems are generated by the decay of 
singlet excitons via intersystem crossing due to spin-orbit coupling. The intersystem crossing 
rate is generally different for each of the triplet sublevels. As a consequence, there will be an 
inherent spin polarization by generation. The spin polarization can still be achieved even if 
the intersystem crossing rates from singlet to triplet are the same for all the different triplet 
sublevels. The different recombination rates from triplet sublevels to the ground state will 
generate spin polarization. In general, recombination is fastest from the = 0 sublevel, 
resulting in The PLDMR signal detected for this type of spin polarization would 
be symmetric about g = 2. 
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For amorphous or polycrystalline samples, any detected resonance is the sum of 
contributions from all possible orientations of relative to the triplet axes. The resulting 
resonance is called a powder pattern, analogous to an ESR. In other words, the detected 
resonance is an average over all orientations of a randomly oriented sample. 
The resonant transition field is a function of the polar angle 0 and the 
azimuthal angle E is assumed to be zero for simplicity so that the transition field is 
independent of For cases where E ^ 0 the analysis is more complicated, further details can 
be found in Ref. 7. In a randomly oriented sample, the number of molecules oriented such 
that the resonance field // lies between 0 and O+dO is proportional to sin Odd. The intensity 
of the microwave absorption in the field range H to H - dH is: 
= (3.16) 
where the relationship # = has been inverted to » = and is the 
transition probability. From the full-field powder pattern the following critical points are 
found: 
shoulders at # = hv ± — ± — 
2 2 
W (3.17a) 
singularities at Av±—I /g/7 (3.17b) 
I 2 2 J 
and steps at # = (Av± D)/g^ (3.17c) 
An axially symmetric triplet exciton has singularities at/f = ± D/2y)/^/^ and steps at 
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# = ± For an triplet exciton, the inner singularities merge to form a 
singularity af # = and the shoulders and steps merge at//= (Trw + 
The half-field powder pattern is much narrower than the full-Geld powder pattern, as 
it is dependent on D and E in the second order and the Grst order perturbation terms are zero. 
The critical points for half-Geld resonance are: 
a singularity at H = . 
#2+3^  (3.18a) 
and a shoulder at 
v Ay J 
(3.18b) 
Figure 3.4 shows the full field powder pattern of m-LPPP. where the critical field 
points are marked with vertical arrows. The central part of the spectra is due to the spin lA 
resonance signal. The simulated full Geld powder pattern with ZFS parameters D = J20G 
and E = 0 with the DC magneGc Geld perpendicular to that generated by the microwave Geld 
at microwave frequency 9.352 GHz is shown in Figure 3.5. Due to the central strong polaron 
pair resonance signal, the exact simulation is not so simple and the determination of ZFS 
parameter cannot be done without exact powder pattern simulation. The unambiguous critical 
Geld determination may require a sophisticated model. The half-Geld triplet powder pattern 
of m-LPPP is shown Figure 3.6 where two critical Geld positions have been marked with 
vertical arrows. Figure 3.7 shows a simulated half-Geld triplet powder pattern for a triplet 
with ZFS parameters D = 602G and E = 0. The vertical lines indicate the critical Gelds. 
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mLPPP film A. =458nm; las=20mW; n-wave=810mW 
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Figure 3.4. Full field triplet powder pattern of m-LPPP film at 20K. The excitation 
wavelength is 458 nm at 20 mW laser power. The microwave power is 810 mW. 
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Figure 3.5. The simulated full field powder pattern with D=520G and E=0.'^ 
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mLPPP film x,,=458nm; las = 20mW; n-wave = 810mW 
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Figure 3.6. Half field triplet powder pattern of /M-LPPP 61m at 20K. The excitation 
wavelength is 458 nm at 20 mW laser power. The microwave power is 810 mW. 
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Figure 3.7. The simulated full field powder pattern with D=602 G and E-0.^ 
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3.1.2. X-band ODMR system description 
The X-band ODMR system used for this study has been developed and improved by 
many researchers/"^ The author was also involved in improvement of the system to achieve 
the photoinduced absorption detected magnetic resonance study on m-LPPP.^ Figure 3.8 
shows the schematic diagram of ODMR system. A detailed description of the ODMR system 
can be found in Ref 12 and 13. In the near future, the ODMR system will be renovated to be 
able to detect the PADMR of a working OLEDs. 
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Figure 3.8. Schematic diagram of ODMR system. All the system are computerized and the 
excitation source is UV capable Ar+ laser. The Gunn diode serves as a X-band microwave 
generator followed by a travelling tube amplifier (TWTA) to amplify the microwave power 
up to 1.4 kW. The microwave chopper is a PIN diode after the TWTA, which is controlled by 
an external oscillator. The same oscillator serves also for the reference for the lockin 
amplifier. The ODMR signal is detected by either a silicon photodiode or a 
thermoelectrically cooled PMT. 
3.2. Determination of Absolute Photoluminescence Quantum Yield (PLQY) 
The photoluminescence quantum yield, is one of the most important quantities to 
be evaluated for luminescent organic semiconductors. Since this quantity has a linear relation 
to electroluminescence quantum yield, there has been much effort to synthesize materials 
with high photoluminescence quantum yield, especially for conjugated polymers. To improve 
the PLQY of the material one may need to remove the #-dimer formation to prevent 
concentration quenching in solid state.15 Also, for the conjugated polymer case, the exciton 
migration causes a photoluminescence (PL) redshift and quenching.16 Adding bulky side-
chains improves the PLQY since the increased interchain separation reduces the ^-dimer 
formation. Confinement of the exciton by forming block copolymer also improves PLQY 
due to the on-chain migration reduction17. Now we observe extremely high PLQY materials 
in solid state for both small organic molecules (85%)'8 and conjugated polymers (96%).19 If 
the absolute PLQY data are combined with the lifetime data of the material then one can 
estimate the radiative transition rate, kr, and the nonradiative transition rate, knr. 
3.2.1. Description of PLQY 
The photoluminescence quantum efficiency (PLQY), is defined as the number of 
photons emitted per absorbed photon. For a dilute solution the emission can be assumed 
isotropic. However, for solid state samples especially thin solid films, the angular distribution 
of emission is highly sensitive to the refractive index of the material and to the orientation of 
the emitting dipoles.^ Therefore the use of an integrating sphere for absolute PLQY 
measurement is mandatory. An integrating sphere can be considered as a Lambertian since it 
distributes the total amount of light generated inside the sphere homogeneously on its 
internal surface/1 Thus, the flux emerging through a light pickup aperture of the integrating 
sphere is proportional to the total emission from the sample, independent of its angular 
distribution. 
There are several means to determine PLQY of materials. The level of sophistication 
and requirements are quite different for each method. The most widely used method is 
relative PLQY estimation based on the fluorescence quantum yield standards. This technique 
is usually applied for solution samples where the emission distribution can be considered an 
isotropic source. Also, to reduce any inner filter effect the solution must be optically thin. 
Thus this method is not applicable for solid-state samples. There are also methods based on 
the integrating sphere/1'^ where one can measure both solution and solid state samples. Due 
to the concentration, it is quite difficult to correct for internal absorption. Also, low quantum 
yield materials cannot be characterized with high precision. The ultimate PLQY 
determination setup for low PLQY material is the thermal lens method,^ but this method 
cannot be used for solution samples. From the above mentioned methods, the most practical 
way of PLQY determination is the method using an integrating sphere. We adopted the 
relatively simple, fast, and reliable method based on an integrating sphere developed by de 
Mello gf This method requires a minimal set of optical components to determine the 
PLQY for all forms of materials, except gas phases. The only limitation is the dynamic range 
of the detector used and the stability of the excitation source. These two quantities set the 
nominal error for the method. 
3.2.2. Photophysical process after excitation 
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After preparation of the hot singlet excitation, the fast relaxation will branch the 
initial state to the emissive singlet exciton, with a branching ratio 6 from the initial hot 
excited states. The remaining (1-6) will decay by either spatially indirect excitation or inter 
system crossing to the triplet excitations?'* Then the external PLQY, can be expressed 
as/1 
'"(*,+0 <119) 
where kr and knr are radiative and nonradiative decay rates for a singlet exciton. To determine 
the branching ratio b one must measure the photoluminescence lifetime of the materials. 
With a known branching ratio, one can determine the internal absolute PLQY. Since we do 
not perform the transient experiment, the PLQY values determined in this study are all 
external absolute PLQY. 
The factors that affect the PLQY for organic luminescent material in solid state are 
various in their origin. The intrinsic effects, such as the mXg overlap to 1#„ or reversal 
between these states, will strongly reduce the PLQY. The presence of non-bonding orbitals 
between l'B% and will also reduce fluorescence dramatically.^ The energy levels of 
triplet excitons also affect the PL. For example, the Egg - can amplify the exciton 
dissociation, leading to low PLQY. Also, external quenching centers such as physical and 
chemical impurities reduce the &r significantly. The generic features of the excitation photon 
energy dependence of show decreasing behaviors with energy, indicating the branching 
ratio also decrease with increasing excitation energy/* From the transient photoinduced 
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absorption and photoluminescence decay study of PPV/^ it is seen that the majority of 
photoexcitations form bound polaron pairs. This low branching ratio, b - 0.1, has been 
reevaluated with high quality samples/1 indicating that the quality of the sample is very 
important in determining the intrinsic photophysical properties of the material. The quality of 
a PPV sample depends not only on conversion processes^ but also on photo-oxidation/^1 
The photo-oxidation process can generate carbonyl defects that are known to be effective 
singlet exciton quenching centers/^ 
3.2.3. The PLQY determination method 
The PLQY determination method followed is the method described in Ref 22. PLQY 
measurements in solution are relatively simple because one can assume an isotropic angular 
distribution for the emitted light. The PLQY of solid state films are not as straightforward as 
solutions due to the angular distribution of the emitted light. This distribution is dependent on 
the refractive index of the material and the orientation of emitting dipoles/^ Thus, one may 
need to map out the angular distribution for the emission to determine the PLQY of thin 
films. Therefore the absolute PLQY value determined from a forward direction detection 
scheme^ must be accepted with caution. A standard technique for measuring thin-film PL 
quantum efficiencies is the integrating sphere method/^ 
An integrating sphere is a hollow sphere which has its inner surface coated with a 
diffuse reflecting material with high reflective index. When a light-source is placed inside an 
ideal integrating sphere, the light is redistributed isotropically over the whole sphere's 
interior-surface, regardless of the angular distribution of the emitted photons from the 
source/* 
The experimental procedure is shown schematically in Fig. 3.9. An optical fiber picks 
up the light from the integrating sphere and leads to a grating spectrometer equipped with a 
charge-coupled device (CCD). In front of the optical fiber a baffle has been placed to prevent 
direct pick up of either excitation light or emission from the sample. Laser excitation is 
directed into the sphere through a small (0.25") entrance aperture. Three measurements are 
required to determine the PLQY of the sample in this method. 
Step 1, Figure 3.9(a): The laser light intensity, Iias, will be determined with an empty-
sphere. Here one must keep the peak intensity of laser light within the linear range of the 
spectrometer. This will be the limiting figure for the PLQY measurement in this method. 
Since the dynamic range of the spectrometer will limit the integration time, the low 
emissivitv material cannot generate enough output at this upper value of integration time. 
Step 2, Figure 3.9(b): The so-called off-sample measurement. Here we determine the 
sample emission from the scattered laser light absorption. The sample is placed inside the 
sphere with an inclination to avoid the laser hit the sample directly. Instead, the laser must hit 
the sphere wall directly. We tested several different configurations of the sample and laser 
and the variation of the data is minimal. Therefore, by tilting the sample holder, 
one can acquire data without losing any generality. 
Step 3, Figure 3.9(c): In this step, we determine the sample PL. For this, the sample is 
placed such that the laser hits it directly. However, the surface normal of the sample must be 
set around 10° away from the laser light to avoid any direct reflected laser light escaping 
from the laser entrance aperture. 
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Figure 3.9. PLQY measurement scheme, laser signal acquisition (a), off-sample acquisition 
(b), and on-sample acquisition (c). The line shows the excitation laser light. 
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Figure 3.10. The PLQY data for Rodamine 6G at each acquisition step. 
We illustrate the procedure for the determination of the PLQY of a 6%1(T* M 
concentration of R6G in EtOH, Fig. 3.10. The ordinate is proportional to the number of 
photons within a given wavelength. The sharp peak at 457.9 nm in each case corresponds to 
detection of the laser excitation. The broader profile centered on 570 nm corresponds to the 
emission from the sample. For each experiment, the area under the laser profile is 
proportional to the amount of unabsorbed light. We refer this area an 7^. The area under the 
sample emission profile in experiments (b) and (c) of Fig. 3.9. is proportional to the amount 
of PL from the sample in each case. This we call and fZonamp/e, respectively. By 
analyzing these spectra, it is possible to extract the absorption coefficient and the external PL 
quantum efficiency for the sample. 
The total amount of laser light reaching the sample has two components. One is the 
directly incident laser light and the other is the diffuse scattered light contribution. In 
experiment step 2, the scattered light contribution is a fraction // of the laser light scattered 
from the sphere that is absorbed by the sample. In experiment step 3, the laser beam first 
strikes the sample, thus a fraction, v4, of this incident light will be absorbed by the sample. 
Then a fraction (7 - ,4) will either be transmitted or reflected and a fraction, //, of this 
scattered light will be absorbed by the sample. This will give the following equations for 
light budget in each experiment step: 
1 offlas I las 0 /^) 
-La, = 
(3.20) 
(3.21) 
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where 7/^, and /<*,/*, are the values of laser intensity for each experiment. The 
absorption coefficient v4 at laser excitation wavelength can be obtained by combining Eq. 
(3.20) and (3.21). 
The assumption behind this reasoning is that the laser light scattered from different locations 
inside the sphere contributes identically to the measured spectrum. This can be verified by 
measuring the laser intensity at different incident angles. 
The detected signal in the experiment in Fig. 3.9(b) is composed of 
scattered laser light and PL from the sample after absorbing the scattered laser light. Thus the 
signal is given by Tqg&u + ^ the oM-samp/e experiment in Fig. 3.9(c), a fraction of 
the incident laser light is reflected by the sample, a fraction is transmitted, and the remaining 
fraction, is absorbed. The contribution of scattered laser light to the detected signal can be 
found by assuming that the intensity of scattered laser light is independent of the position on 
the sample where the laser first scattered. This yields: 
onlas (3.22) 
offlas 'offsample (3.23) 
The direct light emission from the sample, is another component of signal detected 
from the on-sample experiment. This yields: 
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+ PI 
onlas x onsample (l - f k ) + 0 
The PLQY, can be found by rearranging Eq. (3.24) and eliminating /wa, and /q#*, by 
using Eq. (3.22). 
When determining the tjpi using an integrating sphere, it is well known that the 
reabsorption effect is due to some portion of emitted light returning to the sample. Therefore, 
there will be a reabsorption in this method, especially if there is a strong overlap between 
absorption and emission spectra. Using a small size sample, one can alleviate this effect. 
Thus the PLQY obtained by this method will give a lower-limit of external PLQY of the 
material in study. 
The spectrometric PLQY determination using an integrating sphere has many 
advantages over the method described in Ref. 21. The filtered method would require a large 
Stokes' shift for the sample due to the small roll-off of the low pass filters. If the Stokes' shift 
is small, then it is difficult to distinguish between the laser light and the emission. The 
limitation caused by the Alter roll-off has been eliminated by the current method. 
Furthermore, this method removes the independent measurement of absorption coefficient of 
the material, thus minimizing the sample degradation effect. This method has been used for 
the determination of the quenching effect in blends of conjugated polymers,^ and also used 
for the quantification of the effect of photo-oxidation on the external quantum yield in 
%% -
onsample 'offsample (3.25) 
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conjugated polymers.^ These experiments required the capability to determine PLQY for the 
low quantum yield materials, indicating this method is a very convenient and useful tool for 
organic semiconductor photophysics. 
Furthermore, this method opens a way to measure PLQY for highly scattering 
samples, such as polycrystalline powders or ill shaped solid state samples, such as 
nanocrystalline materials. In the conventional method/1 the absorption coefficient has to be 
determined by independent measurement of the reflection and transmission coefficients. In 
this experiment, a neat scattering free sample is required, thus the PLQY determination for a 
powder sample has not been performed. It is almost impossible to determine the diffuse 
scattering part of the reflectance. Thus the method used in this study^ greatly extends the 
range of materials accessible for PLQY determination. 
3.2.4. The system integrity and sample degradation assessment 
A home built 14 cm diameter integrating sphere was used for these experiments. A 
high diffuse reflectance (99.8% in spectral range 300-900 nm) material was used to coat the 
inside wall of the integrating sphere. The integrating sphere has four apertures with diameters 
0.25". The sample holder was designed with Teflon, which is known to be a high diffuse 
scattering material. One port has been assigned to pick up the light emission, so the direct 
light beam-blocking baffle has been placed in front of it. The laser-input port is positioned at 
90° from the sample insertion aperture. In the same meridianal line, a third hole has been 
placed to observe the beam alignment and to serve as a nitrogen purge hole for thin film 
PLQY measurement. The final aperture has been made to fit with a fiber coupler to pick up 
the light. 
The CCD used for the PLQY system is not equipped with a thermoelectric cooling 
unit. Therefore, the detector noise will limit the detectable PL. Also, the dynamic range of 
the detector will set the upper limit on integration time. To assess this, we checked the 
linearity of the detection system by increasing the integration time. Figure 3.11 shows the 
selected laser line intensities with respect to integration time. The system is linear through 95 
% of its dynamic range. 
To test the excitation source stability, we tested the Pockels cell stabilized Ar^ laser 
visible lines for 2 hours duration. All the laser lines we tested yields less than 0.5 % 
variation. The same test on UV multilines (351+364 nm) yields 1.7 % variation during the 
same period. Thus the error induced by the source stability will be less than the system error. 
Since the sphere has been built locally, the homogeneity of the sphere has been tested with 
tracing the laser flux at over 200 different spots by using four different accessible entrance 
holes. This gives a less than 1 % error for over all sphere positions. The stability of laser has 
been tested up to 2 hours and it gives a 0.7% fluctuation for stabilized visible laser lines and 
1.7% fluctuation for UV multilines. Considering nominal experiment duration - 3 minutes, 
this is a good stability for the excitation source. The sphere has been calibrated with an NIST 
traceable calibrated light source to determine its overall response function. 
To check the degradation of the sample, we tested m-LPPP solution and film samples 
that had been sealed in vacuum. Figure 3.12 shows the PLQY and absorption coefficient 
variation with time. As seen the PLQY is stable over 5 minutes continuous UV laser 
excitation. Therefore the vacuum-sealed sample is stable for this type of experiment. Figure 
3.13 shows the degradation of a 300 nm thick Alqs vacuum evaporated film sample at 
different experimental environments. The laser intensity for this experiment is - 3 mW at UV 
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Figure 3.11. Linearity test on the integrating sphere by using selected Ar^ laser lines. The 
peak intensity evolution with integration time (a), and the integral intensity evolution with 
integration time (b). The line indicates the linear fit for each laser lines. 
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Figure 3.12. Degradation test for vacuum-sealed solution and film samples. It shows a stable 
PLQY with time at even 3 mW UV laser power. Therefore the sample degradation is 
minimal when using the vacuum-sealed samples. 
1.2 T 
Film Sample Degradation Test 
/X-
Laser 
Z 0.4 
On sample 
with N 
Off sample 
without N 
On sample 
without N 
10 100 
Time (sec) 
10000 
Figure 3.13. Degradation test for vacuum evaporated film samples. The sample tested here is 
a 300 nm thick Alq3 vacuum evaporated film. All the PLQY of vacuum evaporated films in 
this study performed under continuous nitrogen purge condition. 
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multiline. Without nitrogen purge, the sample PL shows fast decay in both oM-jamp/g and 
o^aamp/g conditions. For example, one minute exposure at this excitation density the 
nitrogen purged sample degrades 3% from its initial PL, however, the unprotected sample 
lost 85% ofits initial PL. Therefore one must use a continuous nitrogen purge when 
measuring the vacuum evaporated organic film samples. 
3.2.5. The PLQY of standard samples 
After the exhaustive geometrical homogeneity and electrical stability test have been 
passed, the evaluation of the integrating sphere can be done with photoluminescence 
quantum yield standards reported in the literature. For this purpose, we choose two standards 
Coumarin 480 (C480) for blue band and Rhodamine 6G (R6G) for green band. These will 
cover most of the spectral range of the spectrometer. 
Rhodamine 6G (R6G) belongs to the family of xanthene dyes. It is one of an 
extensively studied dye due to its application in dye lasers^*. It dissolves almost completely 
into monomers in methanolic or ethanolic solutions, even concentrations up to 2% 10"^ 
^ 40,41.42,43,44 reported value of PLQY of R6G in ethanol has different values of 0.95,^'** 
0.93,^ and 0.88^. In most cases, the PLQYs are determined by relative measurements with 
respect to a standard known value for the absolute quantum yield/* The complications in this 
method to determine the PLQY values are the accuracy of the standard yield value, 
differences in refractive index between the standard dye and the sample, polarization effects, 
and the inner-filter effect. Thus the range of PLQY values from the literature is not only due 
to the experimental methods, but also due to the concentration effect and some other effects 
such as inner-filter effects, and self-quenching. ^  
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Figure 3.14. PLQY data for R6G (a), and C480 (b). The molecular structures are also shown 
in inserts. 
We use a solution sample of R6G with concentration 2.087% IO'^M in EtOH. The excitation 
wavelength is 488 nm at 1 mW power. Figure 3.14(a) shows the R6G PLQY data and the 
insert is the molecular structure of R6G. This yields a PLQY of 95%, which is consistent 
with reported values.^Coumarin dyes show different PLQY in solutions with different 
dielectric constants. The interpretation of this effect is based on the relaxation of excited 
dye.^ The initial planar conformation of an excited state transform into a twisted zwitterionic 
state in so-called twisted intramolecular charge transfer state (TICT) formation. A solution 
sample of C480 with concentration of 3.9%10"*M in EtOH yields a PLQY of 73%. Figure 
3.14(b) shows the PLQY data of C480 and the insert shows the molecular structure of C480. 
The excitation is provided by Ar+ laser UV multiline (351 nm + 364 nm) at 1 mW power. 
This is in good agreement with literature values.^ 
3.2.6. Determination of PLQY of very low emissivity materials 
Recently there have been large number of investigations on porous silicon and other 
types of nanostructures.^'^ Still, there is no report on the PLQY of these materials by 
measurements using an integrating sphere. Since the nature of nanocrystalline structures will 
induce a large amount of scattering, one must use an integrating sphere to evaluate its PLQY. 
The emissivity of nanocrystalline material is not very high compared to that of organic 
materials. Therefore, even for recording PL, one may require a Raman PL system where the 
excitation laser line is completely removed by notch filters. 
The above-mentioned method in Ref. 22 cannot be used directly for low emissivity 
materials due to the limitation of the detector dynamic range. Therefore we extend the 
method by combining the Glterless-method^ and filtered-method^ to evaluate the PLQY of 
low emissivity samples. Since the CCD is well known for its superb linearity, one can 
develop a proper experimental procedure to determine PLQY for low emissivity samples. 
The absorbance is determined by using a filterless-method, but with this method only there 
will be no detectable photoluminescence (PL) signal. 
Figure 3.15(a) shows the normal PLQY run following the prescription of Ref. 22 on 
freestanding porous silicon. Unfortunately there is no detectable signal at this integration 
time. However, one still can determine the absorption coefficient by this method. For the PL 
detection one may use the filtered-method^1 to increase the integration time. Figure 3.15(b) 
shows the PL of porous silicon at extended integration time. The feature just after the laser 
line is due to the filter emission. Figure 3.16(a) shows the filter emission. By combining 
these two data one can remove the filter emission. Figure 3.16(b) shows data with the filter 
emission subtraction. The original method reported in Ref. 21 is limited by filter emission 
and there is no systematic way to remove the filter effect. But the method developed in this 
study is based on spectroscopic methods, therefore the residual filter emission can be 
subtracted by taking the filter emission data. In this way, one can extend the capability of the 
integrating sphere system. However, as seen from Figures 3.15 and 3.16, the detector noise 
also increased significantly, which will limit this kind of experiment. 
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Figure 3.15. Extended scheme of PLQY for low emissivity samples. No PL can be 
detectable with normal PLQY run (a), but by using filter one can detect sample PL (b). The 
filter emission and increased detector noise can be seen. 
66 
Laser Ar 488 nm 
Off sample 
Filter emission 
400 500 600 700 800 
Wavelength (nm) 
i , | 
Porous Silicon #980730c 
Filter emission uncorrected data 
Filter emission corrected data 
400 500 600 700 
Wavelength (nm) 
800 
Figure 3.16. Filter emission correction for low emissivity samples. Filter emission at off-
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correction is shown (b), but the residual filter emission still exist. 
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3.3. Introduction to Thermal Activation Spectroscopy 
The thermally stimulated current (TSC) and thermally stimulated luminescence (TSL) 
are very valuable tools for monitoring the trap levels of inorganic and organic 
semiconductors.^ Both methods rely on investigation of the photo-generated geminate 
carrier pairs inside the sample. At very low temperature, the sample is bombarded with 
energetic photons with energy larger than the energy gap of the materials. Then the generated 
geminate pairs can be trapped when a trapping state exists. After a settle down time, the 
sample is heated in a constant temperature ramp to release those trapped charge carriers. In 
many cases, disordered organic materials have different kind of trap states, such as structural 
defects, extrinsic impurities, and other types. 
In amorphous solid state organic materials, the carrier transport mode is based on the 
hopping mechanism^ among localized states. For electrons, the lowest LUMO levels can be 
considered as charge transfer (CT) states and states lying far above (> 3 o) are not accessible 
by electrons, i.e. electrons are supposed to be blind to these higher lying energetic levels. For 
holes, the highest HOMO states are CT states for hopping mobility and lower lying levels (< 
3o) cannot be involved in hopping transport. If the sample meets these criteria, then the 
transport mode is called a Aqppmg frwwpor/. If there exist shallow traps (E, < 3 o), 
then carriers cannot differentiate from the CT states and trap states. As a result, all these 
states will be involved in the transport process, o- is the width of the density of state (DOS) 
and is directly related to the mobility. Therefore probing the trap DOS and the disorder 
parameter cris the main goal of thermal activation spectroscopy. 
33.1. Description of thermally stimulated luminescence mechanism 
TSL and TSC are unique methods for probing the intrinsic DOS of organic 
semiconductors. These methods are based on the assumption that the energetically disordered 
localized states can manifest the thermal activation spectrum originating from the carrier 
trapping centers. Simplified schematics of TSC or TSL curves with different types trap 
distribution is illustrated in Fig. 3.17. The first case, Fig. 3.17(a), can be considered as a well 
defined trap state of an inorganic semiconductor and the second case, Fig. 3.17(b), can be 
considered as trap states in an organic semiconductor with significant broadening in energetic 
distribution. 
Since the carriers will be trapped in the tail part of the DOS at low temperature, the 
thermal activation curve can provide the trap distribution function and its energetic disorder 
parameter «% Fig. 3.18 shows a schematic carrier relaxation process in organic 
semiconductors. The photo-generated carriers will be relaxed to lower lying states with time. 
At elevated temperature, such as device operating temperature (3 5 OK), the carriers are 
allowed to perform endothermic transitions by absorbing phonons. However, at very low 
temperature (4K), the only passageway for these carriers are the exothermic downward 
transitions. Thus the carriers will be effectively trapped on the lower lying sites of the 
intrinsic DOS. 
As seen form the trap limited current analysis of OLEDs,^ the mobile carriers in 
organic semiconductors follow these lower lying states. Thus the determined trap distribution 
and trap density from thermal activation spectroscopy will be crucial information to 
understand the device operation. If we know the mean local activation energy of trapped 
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carriers then it is possible to determine the energetic disorder parameters. The local activation 
energy can be traced by the fractional heating technique/*'^ In this method the local 
temperature modulation is overlapped with the linear heating method. The mean local 
activation energy <E> can be determined during each temperature cycle (7 to 9 temperature 
steps for each local temperature parabola) such that: 
(E) = -% , (3.26) rf[ln/(r)1 
d(Vk„T) 
where / is the TLS intensity, is the Boltzmann constant, and T is the median temperature 
of the local activation energy measuring cycle. The trap distribution function H(E) can be 
related to the TLS intensity as follows:^* 
The TSL peak originates from the thermal detrapping of carriers that occupy the tail state of 
intrinsic DOS with a Gaussian shape. Then the DOS can be expressed as follows: 
//(E) - exp (3.28) 
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where E is the energy of the localized state with respect to the DOS center and tris the width 
of the DOS. 
Another important parameter to be determined from TSL experiments is the 
frequency factor, $ for detrapping of geminate pairs. The frequency factor at the TSL 
intensity peak is proportional to the detrapping rate:^ 
/ E \  ^ E ,  ^  
exp 
^ T k T 
(3.29) 
where 7^, and <E^> are the temperature and the activation energy of the TSL peak, 
respectively. Since the vibrational frequency of these materials is in the range of 1012 Hz, 
6equency factor ranges 60m 10* to 10^ are not unusual.*^ However, a frequency factor 
lower than 10^ can originate from processes other than thermal activation. This is believed to 
be due to the charge tunneling process between carrier sites that are situated in spatial 
proximity.^ 
The trapped charge carriers require a thermal activation to become mobile carriers. 
This activation energy is called fnmsporf energy, E", which usually positioned below the 
center of the intrinsic DOS For the Gaussian shaped DOS, E* can be defined as follows: 
J/(£)d£ = - (3.30) 
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where is a Gaussian function and the transport energy, E*, is the same as the width of the 
distribution cr Therefore, the determined thermal release energy, <E>, from TSL 
experiments is indeed the difference between the energy of the localized state, E, and the 
transport energy, E", such that: 
E) = E-E' (3.31) 
The theoretical description of the energetic relaxation of randomly generated particles in the 
zero-temperature limit within a Gaussian shaped manifold of state is given in Ref. 64 and 65. 
At zero-temperature, these geminate carrier pairs are subject to a unidirectional downward 
hopping in energy manifolds. 
The relaxation time of this process and the mean energy of the charge carrier packet 
E# from the DOS center are related by the following equation:^ 
E„ =o- #lnln 
\ f o J  
/ 2 
(3.32) 
where <5 is the dimensionality of the system, f is the time, and is the dwell time of a carrier 
at a lattice site without disorder. The value of for charge carriers is about 10"^ Thus 
the disorder parameter cr can be estimated with the assumption that the observed activation 
energy at the peak of TSL curve <E*> corresponds to the mean energy of the relaxed charge 
carrier packet, E# such that: 
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(3.33) 
Then the experimentally determined disorder parameter, o", can be expressed as follows: 61 
a = 
E, 
31nln(f/^y ^ (3.34) 
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Figure 3.19. Schematic illustration shows the inter-conversion between geminate pairs and 
singlet excitons. The process (a) indicates the passageway for trapping of geminate carrier 
pairs after photoexcitation. The processes (b) and (c) indicate the high probability transition 
induced by thermal activation. The process (d) show a small transition probability passage by 
thermal activation. The right hand side diagram shows the trap distribution function that can 
be reconstructed from TSC or TSL experiment. 
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Figure 3.19 shows the thermal activation process from the photo-excitation to 
detrapping. The primary photoexcitation will be relaxed fast to the relaxed excited state. 
Some portion of these primary photoexcitations can be converted into geminate carrier pairs. 
Part of these geminate carrier-pairs will be trapped into shallow and deeper lying trapping 
sites. The relaxed excitons will decay within a few w of the termination of the 
photoexcitation. The following temperature ramp can detrap the stored geminate pairs, some 
part of which will stand out as a TSL signal. The same analogy can be applied to the TSC 
experiment where the activated carriers can reach to the counter electrodes to generate the 
current. 
3.3.2. Description of thermally stimulated current mechanism 
The difference between TSL and TSC is dependent on the samples under investigation. 
In TSL, typical samples are bulk organic semiconductors, however, in TSC one is required to 
use an organic device because the detected quantities are currents. There are generally two 
different configurations in a TSC experiment. One uses a symmetric device^' where interdigit 
electrodes provide the contact electrodes. Due to this, the probe is indeed a probe of single 
carrier transport properties depending on the work function of the electrode. Since a 
symmetric device cannot provide a built in potential for organic material, one usually 
provides an external bias to determine the carrier trapping levels. Another TSC method is to 
use a direct OLED structure,^ where the difference between the anode and cathode work 
functions will act as a driving potential for released carriers. 
From the TSC curves, we determine the lower limit of the trap density in the material 
by integrating the short circuit current over time for each TSC spectrum. Assuming that all 
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traps are occupied at low temperature and only a fraction of the carriers are swept out with 
temperature ramp, one obtains a lower limit for the number of traps TV, from the relation: 
(3.35) 
with g as the elementary charge. The trapping energy is determined from the initial rise of the 
TSC with increasing temperature by: 
In / = - ™^£™ + const. (3.36) 
kBT 
where Eg is the activation energy. If there are two distinct rise curves, then one might use the 
different rise curves to determine the relevant activation energies. 
The difficulty of the TSC method is in the detection limit of the current. Indeed, the 
observed current from TSC is at the borderline of the detection limit of any electric device. 
The static charge variation in the laboratory can cause much larger signals than the TSC 
signal. Thus, great care must taken to acquire any meaningful TSC data. 
3.3.3. Limitation of the thermal activation spectroscopy 
Amorphous organic semiconductors have very limited carrier mobilities due to the 
macroscopic integrity of the solid retained by weak Van der Waals interaction.^ As a result, 
any thermal activation spectroscopy reliant on the carrier mobility will involve complications 
caused by the transport peak with increasing temperature. The TSC method has been applied 
to several organic semiconductors'^'^ to probe the in-gap state. However the basic 
limitation of the TSC technique in probing the DOS of a low mobility hopping transport 
system is in the decoupling of the direct detrapping process and the transport peak. Since 
carrier mobilities of amorphous organic solid increase with temperature/"* the TSC peak 
position is dependent on the field and the thickness of the device. Also, the involvement of 
the interface induced in-gap states causes further complications for the direct determination 
of the shape of the DOS. However, one can still determine the trap depth by using the initial 
rise method/^ The advantage of TSC over the TSL method is in the quantification of the 
trap density. Since the integral TSC curve gives the lower bound of the total trap density, it is 
still a very valuable tool for the investigation of organic semiconductors. 
The TSL technique only relies on optical means. Thus, it is immune to complications 
from the transport peak during thermal activation. Since the TSL originates from the 
geminate recombination/'* it is directly related to the carrier detrapping process and can 
determine the intrinsic DOS for carrier trapping states. Because the TSL intensity depends on 
the excitation dose, the integral TSL intensity cannot give a direct quantitative evaluation for 
the trap density among different organic materials. Still, it is possible to determine the 
relative carrier generation efficiency for a specific sample with a proper experimental design. 
Thus a joint experiment of TSC and TSL in near future will shed new light on properties of 
organic semiconductors. 
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3.3.4. TSC and TSL experimental apparatus 
The experimental apparatus for the TSC system is shown in Fig. 3.19. The 200W Xe 
lamp is the main source for the excitation, with the excitation energy selection provided by a 
UV monochromatic blazing mirror. At low temperature, the sample is bombarded with UV 
photons for 10 to 30 minutes. The sample is then allowed to settle down before the constant 
temperature ramp is engaged. The device current is monitored with an electrometer during 
the constant temperature ramp run. For dark current determination, the sample is placed in 
the dark at room temperature for 24 hours in short circuit condition. The temperature is then 
lowered to 5OK. After a settle down time, the dark current was monitored with the same 
constant temperature ramp. 
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Figure 3.20. A schematic of the TSC experimental setup. 
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The experimental setup for TSL is shown in Figure 3.21. The TSL setup is equipped 
with a sophisticated temperature controller that enables the generation of both a constant 
temperature ramp and thermal modulation added on the constant temperature ramp. The main 
excitation source is a 500W mercury lamp with narrow bandpass filters. The TSL is 
monitored with thermoelectrically cooled PMT in photon counting mode. 
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Figure 3.21. A schematic of the TSL experiment setup.^ 
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IV. DETERMINATION OF ABSOLUTE PHOTOLUMINESCENCE 
QUANTUM YIELD (PLQY) OF LIGHT EMITTING MATERIALS 
A paper will be submitted to Journal of Applied Physics 
C.-H. Kim\ A. K. Naik/ and J. Shinar^ 
ABSTRACT 
The photoluminescence quantum yield, 77/%, is one of the most important quantities to 
be evaluated for luminescent organic semiconductors. Since it has a linear relation to 
electroluminescence quantum yield, most effort has been exerted to synthesize materials with 
high photoluminescence quantum yield. In this contribution we report the PLQY value of 
various organic and inorganic light emitting materials. 
4.1. Introduction 
The photoluminescence quantum efficiency (PLQY), 7//%,, is defined as the number of 
photons emitted per absorbed photon. For a dilute solution the emission can be assumed 
isotropic, however, for a solid state sample, this is not the case. The angular distribution of 
emission from thin solid 61ms is highly sensitive to the refractive index of the material and to 
the orientation of the emitting dipoles/ Therefore, the use of an integrating sphere for the 
absolute PLQY measurement is a mandatory. An ideal integrating sphere can be considered 
1 Primary researcher and author, Ames Laboratory-U S DOE and Department of Physics. Iowa State University. 
2 Graduate student, Ames Laboratory-USDOE and Department of Physics, Iowa State University. 
3 Professor and author for correspondence, Ames Laboratory-USDOE and Department of Physics, Iowa State 
University. 
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as a Lambertian, since it distributes the total amount of light generated inside the sphere 
homogeneously on its internal surface? Thus, the flux emerging through a light pickup 
aperture of the integrating sphere is proportional to the total emission from the sample, 
independent of its angular distribution. 
We adopted the relatively simple, fast, and reliable method based on an integrating 
sphere developed by de Mello ef This method requires a minimal set of optical 
component to determine the PLQY for all forms of materials, except gas phases. The only 
limitations are the dynamic range of the detector, the noise from detector, and the stability of 
the excitation source. These three quantities set the nominal error for the method. 
The materials we studied are ^-conjugated polymers, small organic semiconductors, 
and nanocrystalline inorganic light emitting materials. Within the knowledge of authors this 
is the first time the PLQY of porous silicon and silicon nanocrystallite has been determined 
by using an integrating sphere method. 
4.2. Experimental Details 
4.2.1. Sample preparation 
The solution samples we studied were prepared by following procedure. The powder 
sample was dissolved in oxygen free solvent. After two hours of ultrasonication in the dark, 
the solution was transferred to an OD 4 mm quartz tube. To remove any residual gas, we 
performed multiple freeze-vacuum-thaw sequences until no bubble came out. The tube was 
then vacuum sealed with a base pressure of 10"^ Torr. For polymer powder samples, we 
transferred a small amount of powder inside the quartz tube. The sample was then anneal -
80 degrees for two-hours under active vacuum with a base pressure of 2% 10"^ Torr. The 
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sample was then left under dynamic vacuum for 24-hour period before it was vacuum sealed. 
The polymer film samples were prepared by same sequence as the preparation of solution 
samples. Thin polymer film was coated inside wall of quartz tube by evaporating the solvent. 
The small organic film sample was prepared by thermal evaporation of the powder at room 
temperature at 2x10"* Torr. base pressure inside argon filled glove box. The evaporation rate 
was kept under 5 A/sec and the thickness was monitored with a quartz microbalance. The 
sample was then kept in a glove box until the PLQY data acquisition. The nanocrystalline 
samples are in freestanding form. Thus, the sample preparation procedure is the same as the 
powder sample preparation. 
Since the 61m sample is not sealed inside the quartz tube, the PLQY experiment was 
done with a continuous nitrogen purge of the integrating sphere system. Without the nitrogen 
purge, the film sample degrades very fast (~ 20% PL reduction in a matter of 5 seconds). 
However, with the nitrogen purge, the degradation is minimal during the PLQY experiment 
(~ 2% PL reduction in 20 seconds). The nominal data acquisition time for PLQY is about one 
second. A detailed description of sample degradation can be found in Ref. 4. 
4.2.2. Experimental procedure 
The excitation was provided by an Ar^ laser with Pockels cell stabilizer, Ar^ laser 
UV-multiline, or PTI405 nm diode laser. The optical emission was collected with a charge-
coupled device (CCD) spectrometer coupled with fiber optics. The overall system response 
was calibrated with an NIST traceable calibrated light source. After the exhaustive 
geometrical homogeneity and electrical stability test was passed/ the evaluation of the 
integrating sphere was done with photoluminescence quantum yield standards reported in the 
literature. For this purpose we chose two standards, Coumarin 480 (C480) for blue band and 
Rhodamine 6G (R6G) for green band. These cover most of the spectral range of the 
spectrometer. 
R6G belongs to the family of xanthene dyes. It is an extensively studied dye due to its 
applications in dye laser/ It dissolves almost completely into monomers in methanolic or 
ethanolic solutions, even concentrations up to 2% 10"^ We used a solution sample of 
R6G with concentration 2.087%10'^M in EtOH. The excitation wavelength is 488 nm at 1 
mW power. This yield a PLQY of 95% which is consistent with reported values. 
Coumarin dyes show different PLQY in solutions with different dielectric constant and the 
interpretation of this effect is based on the relaxation of excited dye.14 The initial planar 
conformation of an excited state transforms into a twisted zwitterionic state in so-called 
twisted intramolecular charge transfer state (TIC 1) formation. A solution sample of C480 
with concentration of 3.9%10"*M in EtOH yields a PLQY of 73%. The excitation was 
provided by Art laser UV multiline (351 nm + 364 nm) at 1 mW power. This is in good 
agreement with literature values. 
Due to the limitation of the detector dynamic range, the method in Ref 3. is not 
applicable for low PLQY materials. Therefore, we extend the method by combining the 
filterless method^ and filtered method^ to evaluate the PLQY of low emissivity samples. A 
detailed description of this extension is given elsewhere/ Since the CCD is well known for 
its superb linearity, one can develop a proper experimental procedure to determine PLQY for 
low emissivity samples. The absorbance is determined by using the de Mello et al/ method, 
but with this method only, there will be no detectable photoluminescence (PL) signal. 
Therefore, the PL signal has been collected by using a low pass filter to block the laser 
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excitation light, which allows increased integration time for the detector. The original method 
reported by Greemham et al? is limited by filter emission. But the method developed in this 
study is based on a spectroscopic method, therefore the residual filter emission can be 
subtracted by taking the filter emission data. 
4.3. Result and Discussion 
In this section we will discuss the PLQY results for small organic semiconductors, #-
conjugated polymers, and inorganic light emitting nanostructures. Figure 4.1 shows the 
molecules studied in this contribution. Since the PLQY is very sensitive to the sample 
morphology, sample preparation method, and quality of the sample, we believe that further 
purification will certainly increase the PLQY of these molecules. 
4.3.1. PLQY of small organic semiconductors 
The solid state PLQYs of small organic molecules are controlled by the strength of 
intermolecular interactions. As seen from the theoretical study of frww-stilbene, the stacking 
of adjacent ^-electrons will reduce the magnitude of the dipole transition moment.'* For 
device application, the neat film forming property is another issue to be studied. Furthermore 
the low glass transition temperature of most hole transporting material has been a limiting 
figure for the stability of OLED operation. The exciplex formation between organic-organic 
interfaces should be avoided to achieve high efficiency devices, especially in blue organic 
light emitting devices, due to small transition moment of the exciplex compared to 
fluorescence transition moment. 
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Figure 4.1. Molecular structures studied in this contribution, (a) PPZ, (b) Rubrene, (c) Alqa, 
(d) DPVBi, (e) TPD, (f) Spiro-DPVBi, (g) NPB, (h) CzEh-PPV, (i) OxdEh-PPV, (j) 2-
TNATA, (k) LL88, (1) LL327. 
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4.3.1a. Pyrrolopyridazine triester (PPZ) 
PPZ has been developed for liquid light-emitting electro-chemical cell.^ This 
material can be made in either powder form, or liquid form by adding a glass transition 
suppression group. Figure 4.2 shows the PL spectra of PPZ solution, film, and powder. The 
PPZ solution in hexanon shows recognizable vibrational structure at 409, 430, 453, 488, and 
524 nm. The film sample has emission peak at 433 nm and the oil sample has emission peak 
at 441 nm. The shift of emission bands from PPZ powder to PPZ oil indicates that the 
crystallization suppression group makes the PPZ in more polar-environment than its power 
form. A systematic study on fabrication of an 01 .ED by using this material shows poor 
performance when this material incorporates a guest system in poly-vinyl-Carbazole 
matrix.^ However, we have not yet tried to fabricate a liquid light emitting cell with this 
material, so further study is required. The PLQY of PPZ solution, PPZ film, and PPZ oil is 
96,24, and 45%, respectively. 
4.3.1b. Rubrene (5,6,11,12-tetraphenyI tetracene) 
Rubrene is one of the oldest known dye materials. Recently, rubrene has been used as 
a color tuning layer for OLED fabrication/^ The photoluminescence detected magnetic 
resonance of rubrene shows interesting features/'^ The 6esh powder sample shows a 
distinctive PL enhancing triplet powder pattern, however, the photo-oxidized sample shows a 
negative PL quenching triplet powder pattern. The negative PL quenching pattern has been 
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Figure 4.2. PL spectra of PPZ solution (thick line), 61m (dot), and oil (thin line). 
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Figure 4.3. PL and Absorbance of rubrene. Line shows fresh rubrene and dot shows partially 
degraded rubrene. 
assigned as a rubrene-peroxide signature.^ The film changes its morphology by photo-
oxidation.^ Also, the triplet energetic position of rubrene is around a half of the singlet state 
energy. This will enhance the fission of singlet excitons into two coherent triplets in this 
system, in solid state. It is also well known that the concentration quenching will strongly 
reduce PLQY. The PLQY of a solution of rubrene is almost 100%?*'^ 
Figure 4.3 shows the PL and absorption spectra of pristine rubrene Aim and partially 
degraded rubrene film. The insert shows the molecular structure. The absorption spectra of 
rubrene film shows the vibrational progression at 531, 496, 466, and 435 nm and the 
emission spectra shows recognizable vibrational progression at 575, 602, and 651 nm. After 
removing the scattering offset from the absorbance, the distinctive feature of degraded film in 
absorption can be seen. The degradation, presumably photo-oxidation, results in the 
enhancement of the higher energy absorption and the enhanced emission at short wavelength. 
This may indicate that the photo-degradation of rubrene starts from the lowest part of the 
singlet exciton energy. The PLQY for fresh rubrene film shows ?/PL = 8.2 % and the degraded 
rubrene film shows ^ - 5.3 %. The photo-oxidation in this case needs a further comment. 
Since the Alms are sealed inside vacuum-evacuated quartz tube at a base pressure of 1%10"^ 
Tom, the photo-oxidation is mainly due to the residual oxygen inside the tube. The change in 
PLQY in this case reaches about 35% between a fresh sample and a degraded sample. Thus 
the nonradiative deactivation channel for rubrene may be due to the enhanced intersystem 
crossing in the presence of oxygen. This high sensitivity of rubrene to any residual oxygen 
may serve device degradation evaluation in the future. 
4.3.1c. (ris-(8-hydroxyqumoline)-Aluminum (Alqa) 
The pioneering work of Tang and VanSlyke on /rf^-(8-hydroxyquinoline) aluminum 
(Alq3)-based organic light emitting devices (OLEDs)^* generated intense interest in 
luminescent ^-conjugated material. Alqs is a member of the 8-quinolinol (QOH) metal 
chelates family, which is part of the larger family of chelates of the type M(QO)„, where » 
equals the oxidation state of the central metal M; these metal chelates are also known as 
metal oxinates.^ The PL of Alqs was shown to result from a ligand-based %* -» # 
transition.^ This assignment was confirmed by measurements that showed that the 
absorption and PL spectra of deprotonated 8-hydroxy quinoline are very similar to those of 
Alqs/* 
The molecular packing geometry is extremely important for determining the optical 
properties of molecular materials. Thus, in most light-emitting organic semiconductors, 
stacking must be prevented to achieve a high PL quantum yield (PLQY)/° This conclusion is 
in agreement with the observation that the PLQY of amorphous films is generally higher than 
that of polycrystalline powder samples. However, some molecular materials exhibit the 
opposite behavior, as their PLQY in polycrystalline powder form is higher than in amorphous 
61m form. As shown below, Alqs is one such material. 
The peak fluorescence wavelength is correlated with both the molecular density of the 
packing and the separation of interligand contacts between neighboring Alqg molecules.^ 
The different dipolar interactions and different orbital overlaps result in increasing 
redshifts of the fluorescence spectra with decreasing distance between quinoline ligands of 
neighboring Alqa molecules. In other words, the denser the crystal, the longer the peak 
fluorescence wavelength. 
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Figure 4.4 shows the absorption and emission spectra of a 330 nm-thick vacuum-
evaporated film and the PL of a polycrystalline powder sample. The PL spectrum of the 
amorphous film peaks at A** - 530 nm and its full-width at half-maximum is FWHM - 0.45 
eV; for that of the polycrystalline powder samples, ~ 507 nm and FWHM - 0.35 eV. 
Hence the PL of the film is significantly redshifted (by -100 meV) and broader than that of 
the polycrystalline powder sample. This demonstrates that, as expected, the energetic 
disorder is greater in the amorphous Aim, and a greater fraction of the emission is due to SEs 
which diffuse to lower-energy sites. These results are in agreement with previous studies?^ 
The PLQY of the polycrystalline powder samples was 33 %, but that of the amorphous Aim 
samples was 18%. 
4.3.1d. DPVBi, NPB, and TPD 
The stable high PLQY blue emitter is very important to achieve full color display. 
DPVBi [ 4,4'-bis(2,2'-diphenylvinyl)-l,1 '-biphenyl ] has proven to be a very promising 
material for blue OLEDs/^ The use of DPVBi as an electron transport layer yield bright 
white OLEDs/* NPB [TVj TV-diphenyl-A^ #-bis( 1 -naphyl)-( 1,1 -biphenyl)]^ and TPD [ 
diphenyl-jyvV-bis(3 -methylphenyl)-1,1 '-biphenyl-4,4'-diamine ] are widely used hole 
transport materials/* Figure 4.5 shows the PL and absorption spectra of 200 nm thick 
vacuum evaporated Alms. The PLQY of DPVBi, TPD, NPB are 54, 26, and 17%, 
respectively. 
4.3.1e. Spiro-DPVBi, 2-TNATA, and exciplei 
DPVBi is one of the highest PLQY materials in the blue emission band. However, the 
weakness of this material is in its glass transition temperature, Tg - 65°C?* The 2,2',7,7'-
fe&a&w(2,2'-diphenylvinyl)spiro-9,9'-bifluorene (spiro-DPVBi) has been developed to 
improve the thermal stability by making a spiro-coupling between two DPVBi molecules. 
This improves the Tg 130°C^ and yields more stable devices/* The 4,4',4"-fnj[2-
naphthyl(phenyl)-amino]triphenylamine (2-TNATA) is another high glass transition 
temperature (Tg = 110°C) hole transport material developed which can replace TPD or 
NPB.^ Indeed, 2-TNATA proved its excellent properties not only by improving device 
thermal stability, but also reducing device operation voltage.'" We observe an exciplex 
emission from the device based on 2-TNATA and spiro-DPVBi.^ 
Figure 4.6 shows the PL spectra of spiro-DPVBi, 2-TNATA, and exciplex emission. 
The broad low energy feature is a general characteristic of exciplex emission. Both spiro-
DPVBi and 2-TNATA have emission peaks at 458 nm and the exciplex emission has peak at 
527 nm. Exciplex stands for the excited state complex and is formed between two distinct 
molecules A (acceptor) and D (donor). It is a stable excitation due to the resonance 
contributions from exciton and charge transfer configurations.^ Thus, it can be considered an 
intermediate state before charge transfer state formation. This is confirmed by the 
disappearance of exciplex bands at high bias voltage of the OLEDs.^ The (HOMO, LUMO) 
levels for spiro-DPVBi and 2-TNATA are (5.50, 2.50 eV) and (5.15, 2.13 eV), 
respectively.^ To determine the energy gap for exciplex we use the following empirical 
formula:** 
4=#= = r"(2-7m7%) - r^(#m - DKPm) - 0.15 ± O.leF (4.1) 
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This yields -Ew#* - 2.5 eV, which is in good agreement with the observed exciplex 
emission peak at 2.36 eV. 
The PLQY of spiro-DPVBi and 2-TNATA are 34.7 and 10.6 %, respectively. The 
50%:50% mixed-film shows a PLQY of 7.8%. This explains the low electroluminescence 
efficiency and the low peak brightness of exciplex forming OLEDs.^ 
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Figure 4.6. High Tg hole transport material 2-TNATA and electron transport material Spiro-
DPVBi PL spectra. The organic-organic interface between these molecules form exciplex 
emission. 
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4.3.2. ^-conjugated polymers 
The photoluminescence of ^-conjugated polymers has been improved significantly. The 
major strategies to achieve high PLQY material are (a) side-group substitution to increase the 
interchain distance, and thus reduce the interchain interaction; (b) intentionally breaking the 
conjugation length to reduce the exciton migration along the main chain by forming block-
copolymers.^ 
43.2a. CzEh-PPV and OidEh-PPV 
These two polymers, poly[2-(N-carbazolyl)-5-(2-ethylhexyloxy)-l,4-phenylene-
vinylene] (CzEh-PPV) and poly[2-{4-[5-(4-f-butylphenyl)-l,3,4- oxadiazolyl]phenyl}-5-(2-
ethylhexyloxy)-1,4-phenylene vinylene] (OxdEh-PPV), were developed at Korea 
University/^ The intention behind the synthesis of these two polymers is to achieve carrier 
balance without loosing their photophysical properties. Since the mobility is closely related 
to the main chain ^-electronic structures, one may modify the mobility by adding electron 
acceptors or electron donors at side groups. Indeed, they achieved a balanced mobility for 
these two polymers by adding the electron donating pendant group (Carbazole) or electron 
accepting pendant group (Oxidiazole). The unsubstituted poly(para-phenylenevinylene) 
mobility ratio between hole and electron is quite large /V/4 - 230/* The /V/t for CzEh-
PPV and OxdEh-PPV are 5.3 and 1.5, respectively/* 
Figure 4.7(a) shows the PL and absorption spectra of CzEh-PPV. CzEh-PPV 
absorption shows a Carbazole moiety absorption - 340 nm. Absorption band 350-530 nm 
(%-max ~ 461 nm) is due to the main chain # - transition. The emission peak is at 528 nm. 
Figure 4.7(b) shows the PL and absorption spectra of OxdEh-PPV. OxdEh-PPV absorption 
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Figure 4.7. PL (line) and absorption (dot) spectra of CzEh-PPV solution (a) and of OxdEh­
PPV solution (b). 
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shows a strong Oxdiazole (PBD) pendant absorption - 302 nm. Absorption band 370-530 
nm (Xmax - 450 nm) is due to the main chain # - %* transition. The emission peak is at 540 
nm. 
CzEh-PPV gives a high solid state PLQY of 56 % at 458 nm excitation and the device 
performance is much better than that of MEH-PPV.^ The reduction of PLQY for solid state 
samples indicates that the interchain coupling is very important. OxdEh-PPV films give a 
PLQY of 8%. The reason they show this low PLQY is not clear at present. Therefore further 
investigation be required to clarify the low PLQY of OxdEh-PPV. 
4.3.2b. LL327 and LL88 
These two polymers have been developed to yield high PLQY by forming block-
copolymers/* The usual poly(pwa-phenylenevinylene) derivatives use the main chain /im­
position as an anchor point to construct polymers, however, these two polymers used the 
mefa-position to link the polymer chains. LL327 has three blocks with different conjugation 
lengths. Poly[(/M-phenylenevinylene)-a/f-(p-phenylenevinylene)] (LL88) is a comparison 
homopolymer for LL327. Since LL327 contains multi-modal distribution in conjugation 
length, the absorption should show these distributions. Figure 4.8 shows the PL and 
absorbance of LL327 solution and film. 
Both film and solution samples show two component of absorption. The shoulder 
around 407 is correlated to the long conjugation block and the peak around 312 correlates to 
the short conjugation block. The emission peak is at 496 nm with vibrational progression at 
461, 531, and 598 nm. By monitoring the site-selective PLQY, one can find out the exciton 
migration properties in this polymer. Since low energy photons only excite the long 
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conjugation block, the emission efficiency expected to be much higher than that of the high 
energy excitation. For the homopolymer case, the only exciton diffusion is energetically 
downward migration thus the site-selective PLQY will result in small variation between low-
and high-energy excitation. Figure 4.9 shows the excitation energy dependence of the 
emission properties of these polymers. Figure 4.9(a) and 4.9(b) shows the PL of solutions 
and films. Figure 4.9(c) shows the excitation energy dependence of PL for LL327. The 
interesting feature in emission PL of LL327 film is the shoulder at 461 nm. The 405 nm 
excitation reduces the intensity of this shoulder compared to that of UV excitation. Thus we 
believe the 461 nm shoulder might be related to the 0-0 vibrational transition of short 
conjugation segments. Also, the relative enhancement of the vibrational peak at 531 nm 
supports this suggestion. At low excitation energy, the long conjugation length will be 
excited, so the vibrational peaks will be more structured. This can be understood with an 
analogy to disorder in organic solids, where the broadening of the emission signature 
originates from the energetic disorder. Figure 4.9(d) shows the PL of LL88, which yields 
identical emission profiles, independent of excitation energy. 
For the homopolymer there is no difference in PL for UV excitation and 405 nm 
excitation, but for L327, the block copolymer shows an enhanced vibronic mode. Thus, it 
appears that the emission profiles for short conjugation segments and long conjugation 
segments overlap. The redistribution of vibrational oscillator strength by changing excitation 
energy, - 0.4 eV, does not make much sense if the relaxation is fast enough (both vibrational 
relaxation and possible energy transfer between short to long segments). At UV excitation, 
both short and long segments are pumped. If the inter-segment energy transfer is due to that 
103 
.4 
LL327 
Solution PL 2 
Film PL 
0 
I uv line 
excitation 0.8 
LD 405 
excitation 
os 0.6 
' Film 
"Abs .4 
"Solution 
Abs 
0.0 
300 350 400 450 500 550 600 
Wavelength (nm) 
Figure 4.8. PL (line) and absorption (dot) spectra of LL327 solution and film. The arrows 
indicate the laser excitation lines. 
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Figure 4.9. PL spectra of LL327 solution (dot) and film (line) (a), PL spectra of LL88 
solution (dot) and film (line) (b), LL327 film PL excitation energy dependence (c), LL88 
film PL excitation energy dependence (d). LL88 shows no change and LL327 shows slight 
change between 351+364 nm and 405 nm excitation. 
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of the Fôrster type, then this process is much faster than that of vibrational relaxation. Thus, 
we should not observe the vibrational mode change, but we did in fact observe this. This may 
indicate that the inter-segment energy transfer costs some exciton dissociation. 
The PLQY result of LL88 solution and film yields 74 and 50 %, respectively, at UV 
excitation. For LL327, solution and 61m yields 73 and 33 %, respectively, at UV excitation. 
Films of LL88 and LL327 at 405 nm excitation yield PLQY of 53 and 56 %, respectively. As 
mentioned above, the low energy excitation of LL327 enhances the PLQY. Thus the excitons 
generated by high energy excitation arc quenched during migration to the lower lying singlet. 
4.3.3. Inorganic light emitting nanostructures 
Recently, there have been large number of investigation on porous silicon and other 
type of nanostructures.^'^ Still, there is no report on the PLQY of these materials by using 
integrating sphere. Since the nature of nanocrystalline structure will induce a large amount of 
scattering, one must use an integrating sphere to evaluate its PLQY. 
Figure 4.10(a) shows PL of freestanding porous silicon with nominal pillar size of-
30 nm. We used the extended method to evaluate low PL materials/ The upper curve 
includes the filter emission and the lower curve is filter emission corrected data. This yields a 
PLQY of 9%. Figure 4.10(b) shows the PL of freestanding porous silicon, silicon-sol-
monolite, and silicon-sol-pellet. The PLQY of silicon-sol-pellet and silicon-sol-monolite are 
are 3 and 13%, respectively. Due to the large absorption coefficient of the sol-gel matrix, the 
PLQY value must accepted with caution. Further evaluation is required to determine more 
precise PLQY of these materials. 
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Figure 4.10. PL of inorganic nanocrystalline structures. Filter emission correction (a), PL of 
porous silicon, silicon-sol-pellet, and silicon-sol-monolite (b). 
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Table IV. 1 Summary of the PLQY data. 
Sample Phase %PL(%) A.exe (nm) 
PPZ Solution 96 351+364 
PPZ Film 24 351+364 
PPZ Oil 45 351+364 
Rubrene Fresh film 8.2 488 
Rubrene Degraded 61m 5.3 488 
Alqa Powder 33 351+364 
Alqs Film 18 351+364 
DPVBi Film 54 351+364 
TPD Film 26 351+364 
NPB Film 17 351+364 
Spiro-DPVBi Film 34.7 351+364 
2-TNATA Film 10.6 351+364 
50:50 mixture Film 7.8 351+364 
CzEh-PPV Solution 79 458 
CzEh-PPV Solution 76 351+364 
CzEh-PPV Film 56 458 
CzEh-PPV Film 39 351+364 
CzEh-PPV Powder 5 458 
CzEh-PPV Powder 5 351+364 
OxdEh-PPV Solution 59 458 
OxdEh-PPV Solution 51 351+364 
OxdEh-PPV Film 8 458 
OxdEh-PPV Film 6 351+364 
OxdEh-PPV Powder 7 458 
OxdEh-PPV Powder 5 351+364 
LL327 Film 56 405 
LL327 Film 33 351+364 
LL327 Solution 73 351+364 
LL88 Film 53 405 
LL88 Film 50 351+364 
LL88 Solution 74 351+364 
Porous silicon Freestanding 61m 9 488 
Silicon-sol-pallet Freestanding 61m 3 488 
Silicon-sol-monolite Freestanding 61m 13 488 
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4.4. Summary and Concluding Remarks 
We present the above result in Table IV. 1. The error of organic molecule 
measurement is - 3% and the inorganic case - 5%. These errors are determined from the 
overall system evaluation. The internal error is much smaller than these values. The PLQY 
values given here are not based on ultra-pure samples thus this will be the lower bound of 
PLQY of these materials. 
As seen from all organic materials studied here, concentration quenching is 
omnipresent. Therefore, a dilute solution with proper solvent selection will result higher 
PLQY than a solid state sample. For the blue emitting hole transport material, the structural 
modification to achieve high Tg seems lower the PLQY of the material as seen from TPD and 
NPB, DPVBi and spiro-DPVBi. This can be understood by the conformational difference 
between ground state and excited state. Raising Tg based on twisted conformation will 
generate more steric hindrance for recrystallization and introduce a larger tortional angle 
between intra-segments of a molecule. The larger tortional angle then reduces electronic 
coupling between ground state and excited state. As a result, the PLQY will be lowered for 
high Tg materials in general. 
For conjugated polymers, the block-copolymer approach is a neat technique to 
achieve higher PLQY.^ However, the device performance is not very good with these block-
copolymers/* This may be due to the lower-lying site act as a carrier pocket. Thus, further 
transport study is required to utilize the exciton confinement based PLQY enhancement. 
Nanocrystalline inorganic semiconductors are used in many places. For light emitting 
properties, one must study the basic properties such as PLQY and related deactivation 
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channels, to use these materials efficiently. Thus, further study of their luminescence 
properties is urgently required in this new growing field. 
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V. CHARGED DEFECTS IN HIGHLY EMISSIVE ORGANIC WIDE 
BANDGAP SEMICONDUCTOR 
A paper published in Applied Physics Letters' 
E. J. W. List,^ C. H. Kim/ J. Shinar/ A. Pogantsch/ G. Leising/ and W. Graupner^ 
ABSTRACT 
A new combined photoluminescence detected magnetic resonance (PLDMR) and 
thermally stimulated current (TSC) study of defects in wide bandgap pwa-phenylene type 
semiconductors is described. As TSC probes the density of mobile charge carriers after 
detrapping and PLDMR reveals the influence of trapped charges on the PL, their 
combination yields the concentration of traps, their energetic position, and their contribution 
to PL quenching. The reported trap densities which are 2*10^ for the polymer and 1%10^ 
cm"\ for the oligomer are the lowest reported for /%zra-phenylene type materials. 
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5.1. Introduction 
Wide bandgap /xzra-phenylene type semiconductors are both of fundamental interest 
for their rich photophysics' and of commercial importance for applications such as organic 
light-emitting devices (OLEDs)^ and as active materials in lasers/ which may also find 
applications in electrically pumped laser diodes (LDs). Electronic defects such as traps 
strongly influence or even dominate, both the optical and charge transport properties of 
organic'* and inorganic devices/ Charges trapped at these defects are missing as mobile 
carriers/ change the space charge of the defect-rich region, can quench the emissive singlet 
excitons (SE's)/ and can reabsorb the emission. The latter two processes can introduce 
sufficient optical loss in a LD to prevent laser operation.7'8 
In conjugated materials one has to distinguish between intrinsic electronic defects, 
such as polymer ends and extrinsic defects such as carbonyl groups. However extrinsic 
defects in organic materials are as inevitable as impurities in inorganic materials, which are 
e.g. responsible for the phenomenon of residual resistivity^ which is a very important 
parameter in the characterization of pure metals. Therefore studying device structures which 
are prepared under identical conditions as OLEDs with thermally stimulated current (TSC), 
elucidates intrinsic and extrinsic properties relevant for efficient device operation. In addition 
introducing extrinsic defects deliberately, such as carbonyl groups by photo-oxidation, 
provides further insight into their role of electronic defects. This paper describes a combined 
charge transport and optical study of electronic defects in para-phenylenes, which due to 
their defined chemistry have very low defect contents if compared poly(phenylenevinylene) 
based materials/ 
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The TSC depends on charge transport and, therefore on many device parameters such 
as bulk carrier concentration and mobility, interface properties, etc. In contrast, 
photoluminescence (PL) -detected magnetic resonance (PLDMR) is a purely optical tool. It 
can probe any particular site in the material without requiring good charge transport or high 
collection efficiency. In conjugated polymers the charged defects are trapped polarons, the 
number of which we will denote as TV, . Their density and energetic position can be well 
characterized by TSC. On the other hand, with PLDMR one can characterize not only the 
density but more importantly the interaction of trapped polarons with the emissive SB's. 
5.2 Experimental Procedure 
For our study we chose two materials with comparable PL quantum yields of 30% in 
film but with very different structural properties: the amorphous soluble methyl-substituted 
ladder-type poly (para-phenylene) (PPP) (m-LPPP) and the polycrystalline ^ wa-hexaphenyl 
(PHP). The synthesis of m-LPPP is described elsewhere/ PHP is commercially available 
from Tokyo Chemical Industries. m-LPPP samples were prepared for PLDMR measurements 
by dissolving the polymer powder in toluene in a quartz tube. The toluene was then 
evaporated leaving a -200-nm-thick film on the inside walls of the tube. The sample was 
kept under dynamic vacuum of 1%10"* mbar for 24 h before sealing the tube. PHP was 
evaporated on quartz substrates at a rate of 0.1 A/s at a base pressure of 2% 10"* mbar. To 
study the effects of photo-oxidation, the samples were irradiated by a 200 W Xenon lamp for 
-30 minutes in air. 
The sealed sample tubes were placed in the quartz dewar of an Oxford Instruments 
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He gas-flow cryostat, enabling temperature control from 4 to 300 K, inside an optically 
accessible 9.35 GHz X-Band microwave cavity. The PL was excited at 351 nm or 457.9 nm 
by a Pockels-cell stabilized Ar^ laser. The PL and PLDMR spectra were measured using a Si 
photodiode, the laser line being blocked by a cutoff filter. The changes in the PL intensity, 
induced by the X-band microwaves at the applied DC magnetic field, were detected by 
feeding the photodiode output into a lock-in amplifier referenced to the microwave chopping 
frequency of 400Hz. 
The -0.1 cm^ active area OLEDs used for TSC measurements were fabricated in a 
single-layer configuration using indium tin oxide (ITO) and A1 as the air stable electrodes. 
The ~150-nn>thick active layers of the LEDs were produced by spincoating m-LPPP from a 
10 g/1 oxygen-free toluene solution and dried for 12 h in an argon box. PHP was evaporated 
with a rate of 0.1 A/s at a base pressure of 10"* mbar after transferring the samples through air 
to the evaporator. All devices were stored under argon and only taken out for mounting in the 
cryostat. 
TSC measurements were performed in the same cryostat used for PLDMR with a 
constant heating rate of 0.1 to 0.6 K/sec. After filling all traps in the active layer of the LED 
by -10 min illumination with the xenon lamp at 50 K, the TSC was driven by the -1 V built-
in potential of the device and measured in a short circuit mode using a Keithley electrometer. 
We note that no TSC could be detected for illumination times shorter than 3 min. 
5.3. Result and Discussion 
Figures 5.1(a) and 5.1(b) show the TSC from m-LPPP and PHP devices, respectively, 
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between 50 K and 295 K with and without prior illumination, (i.e., the latter being the dark 
current). As clearly seen, in m-LPPP without prior illumination no signiGcant TSC is 
detectable. In contrast, in PHP we still find a small TSC even without prior illumination. The 
rising conductivity with increasing temperature is due to the thermal generation of charge 
carriers due to unintentional doping of the PHP. The corresponding dark conductivity is of 
the order of 10"^ S/cm. 
From the TSC curves we determine the lower limit of the trap density in the material 
by integration of the short circuit current over time for each TSC spectrum. Assuming that all 
traps are occupied at 50 K but only a fraction of the carriers are swept out, one obtains a 
lower limit for the number of traps Nt from the relation: 
fofa/ (5.1) 
with g the elementary charge. For all heating rates we determined a lower limit of the trap 
density of 1.6*10^ traps cm"^ for m-LPPP and 1.4*10^ traps cmfor PHP, which 
corresponds to of 4%10"^ traps per repeat unit in the polymer and 1x10"? traps per oligomer 
chain (p = 0.6 g cm^ for both materials). 
The trapping energy is determined from the initial rise of the TSC with increasing 
temperature by: 
1 r In/ = — + cofwf. r5 2") 
where is the activation energy. From the m-LPPP TSC spectrum we find two different 
activation energies: The behavior from 30 K. to -100 K yields Eg] - 6 meV, and the rise 
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Figure 5.1. Thermally stimulated and dark current of m-LPPP (a) and PHP (b). The inset in 
(a) shows the chemical structure of m-LPPP, R=CHg, R'=CioH2i, n » 25; the inset in (b) 
shows the chemical structure of PHP. 
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below the main TSC peak yields ^ 2 - 60 meV. 
The number of contributing traps for each activation energy, calculated from Eq. 
(5.1), is given in Table V.I. For PHP such an analysis is difficult due to the absence of clear 
TSC features. However, from the rise of the TSC from 200 K to 295 K one finds an 
approximate activation energy Eg - 120 meV. 
TABLE V.l. Trap depth and density », in m-LPPP and PHP from TSC , density of 
trapped polarons from AI/I the PLDMR amplitude, For PHP* shows the trap density deduced 
from the dark current. 
Sample AI/I M*, (cm'3) Eai (meV) (cm"^) Eg2 (meV) (cm "^) 
m-LPPP 3.3x10"* 9x 10" 60 1.6x 10'* 6 9x 10^ 
Oxidized l.lxlO'3 
m-LPPP 
PHP 
O
 
X 
OO 
*1.3x10^ 120 1.4x 10" =1.3x 10^ 
Figure 5.2 shows the polaron PLDMR in pristine m-LPPP, photo-oxidized m-LPPP 
and PHP films; the resonance amplitude A/// in PHP is four times weaker than in m-LPPP. 
Photo-oxidization of m-LPPP increases A///by a factor of 3.5. 
PLDMR probes the microwave induced changes in the PL at the field-fbr-resonance. 
It is assumed that at the resonance, one reduces the number of polarons acting as SE 
quenching centers, which consequently enhances the PL/° As we show elsewhere^ a proper 
choice of rate equations based on this mechanism leads to a model for the PL-enhancing 
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polaron resonance which is in quantitative agreement with the behavior of the PL and 
photoinduced absorption (PIA) in the same material. Simplified for the presented study, this 
model yields the relation: 
A/ _ i jp iN S E  y  Am N t P  _^ ^  _ k r AI (5.3) 
I  k r  NSE Amr T ) pl y  I  
I 
3300 3320 3340 3360 3380 
Magnetic Field (G) 
Figure 5.2. Polaron PLDMR resonance (/1Z4) of (circles) a pristine m-LPPP 61m, (triangles) 
a m-LPPP film after 30 min. photo oxidation and (squares) a PHP film. The lines represent 
the double Lorentzian fits. m-LPPP, %Exc= 457.9 nm, PHP X,Exc= 351 nm, excitation density 
in both cases: 2*10^ photons cm"V\ T = 20 K and microwave power 810 mW. 
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where is the number of SEs , ^ the radiative decay constant, ^ the PL quantum yield 
and / the annihilation parameter. The latter depends on the mobility of the SEs and is, 
therefore, a measure of the interaction between the two entities. jV*, denotes the 
magnetic-resonance-induced change in the polaron population JV*,. With Eq. (5.3) and AT// 
from Fig. 5.2 (% = 10"^ cm^ s"' for m-LPPP and PHP, &,.-10V, ^ = 0.3 and = 2% for 
both systems^), one can calculate the number of trapped polarons to be 5*10^ cm"^ in m-
LPPP and 10^ cmin PHP for the used excitation density. Photo-oxidation decreased 
&om 30 % to 4% so that one finds a trap density of 10^ cm"^. The quantitative analysis 
shows that the PLDMR is influenced also by the diffusivity of Ses, whereas the TSC only 
depends on the concentration of trapped polarons. 
PIA, TSC," and doping induced absorption^ are suitable to detect and quantify 
charged defects, yielding the same activation energies." Comparing the PIA results obtained 
for different LPPPs demonstrated that chemical modification of LPPP alters the trap density 
by one order of magnitude/' which is in accordance with a comparison of our present TSC 
results on low-defect density m-LPPP with a high-defect density LPPP (Ref. 11) (see Table 
V.l) .  
The very low trap density in PHP is also in full agreement with the fact that the 
polaron PIA bands of that material are weaker than the detection limit, ^  which can also 
account for the relatively large mobility of-10"* cm^V"' s"' of carriers in PHP crystallites.^ 
However utilizing the comparison of PLDMR and TSC, one can also probe the 
influence of charged defects on the PL yield. The number of trapped polarons determined 
from PLDMR and the number of trap states from TSC are much higher in both photo-
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oxidized and pristine m-LPPP than in PHP, and hence, in qualitative agreement with the fact 
that both signals are proportional to the number of trapped polarons JV*,. The fact that upon 
photo-oxidation one increases the density of carbonyl groups, which in turn increases the 
steady state density of polarons, is well validated by the increase of /4Z/7. 
In conclusion, we have demonstrated that by comparing PLDMR and TSC 
measurements o n e  c a n  d e t e r m i n e  t h e  d e n s i t y  o f  t r a p s  t o  b e  >  1 . 6 * 1 0 ^  a n d  1 . 4 % 1 0 ^  c m i n  
the OLED-like structures made of m-LPPP and PHP. For PHP we found that the interaction 
of the polarons with SEs was stronger than in m-LPPP, probably due to the higher diffusivity 
of the SEs, which leads to a relatively stronger nonradiative quenching of the latter by the 
trapped polarons. 
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VI. PHOTOLUMINESCENCE (PL) DETECTED MAGNETIC 
RESONANCE AND THERMALLY STIMULATED LUMINESCENCE 
STUDY OF A HIGH PL QUANTUM YIELD POLY(p-PHENYLENE 
VINYLENE) DERIVATIVE 
A paper will be submitted to Physical Review B Condensed Matter Physics 
C.-H. Kim/ J. Shinar/A. Kadashchuk/ Y. Skryshevski/ A. Vakhnin/ 
D.-W. Lee/ Y.-R. Hong/ and J.-I. W 
ABSTRACT 
The photoluminescence (PL)-detected magnetic resonance (PLDMR) and thermally-
stimulated luminescence (TSL) of high PL quantum yield (^ - 0.56 from neat films) poly 
[2-(N-carbazolyl)-5 -(2-ethylhexyloxy)-1,4-phenylenevinylene] (CzEh-PPV) is described. 
The TSL demonstrates that CzEh-PPV films contain both shallow and deep intrinsic traps 
with mean trap depths <Ei> « 64 meV and <E%> » 175 meV. The TSL exhibits a strong 
dependence on the excitation energy, demonstrating that the total polaron pair generation rate 
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University. 
J Collaborators in Institute of Physics, National Academy of Sciences of Ukraine, Prospect Nauki 46, 252650 
Kiev, Ukraine. 
4 Collaborators in Center for Electro- and Photo responsive Molecules and Department of Chemistry, Korea 
University, Seoul 136-701, Korea 
increases -30 fold as the excitation photon energy is increased from 2.84 to 3.40 eV. At the 
same time, the positive spin 1/2 polaron PLDMR decrease.? -6 fold as the excitation photon 
energy increases from 2.71 to 3.41 + 3.53 eV. Hence, the results invalidate the delayed PL 
model of Wohlgenannt et al. and consequently reopen the issue of the yield of singlet 
excitons (SEs) and triplet excitons (TEs) in polymer and small molecular organic light-
emitting devices. 
The UV-excited PLDMR also includes a small PL-quenching resonance. Based on 
previous studies, this quenching resonance is attributed to enhanced formation of bipolarons. 
At 2.71 eV excitation, the microwave chopping frequency ^-dependence of the spin % 
resonance yields two lifetimes q = 40 p,s and % = 320 pa, which correlate with the linewidth 
of the resonance. These lifetimes are attributed to interchain and intrachain-interconjugation-
segment polaron pairs, respectively. At 3.53 eV excitation, the % dependence of the PLDMR 
also yields two lifetimes, % - 60 of a PL-enhancing component, and % = 760 of a PL-
quenching component. The PL-quenching component correlates with the narrow (6.1 G wide 
) component of the resonance, indicating formation of intrachain bipolarons. 
As expected, the PLDMR at both 2.71 and 3.53 eV excitation includes a half-field TE 
powder pattern; the powder pattern is much weaker under UV excitation. 
6.1. Introduction 
Organic semiconductors have been studied extensively/^ both for their rich 
photophysics" and emerging commercial applications/'^ particularly in organic light emitting 
devices (OLEDs).* One of the most central issues in the photophysics of these materials and 
devices is the yield of singlet excitions (SEs) and triplet excitons (TEs) generated by carrier 
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injection. Langevin random spin recombination would result in yields = 25% and ^ = 
75%, respectively. However, several theoretical and experimental studies have concluded 
that is higher in ^-conjugated polymers, and it increases, to up to -60%, with increasing 
conjugation length^ Among these studies, the strongest experimental evidence has been 
provided by photoinduced absorption (PA)-detected magnetic resonance (PADMR), 
which is one of several optically-detected magnetic resonance (ODMR) techniques. Yet the 
conclusions drawn from these PADMR studies on relied critically on the assignment of 
the negative spin 1/2 PADMR to enhanced recombination of nongeminate polaron pairs to 
SEs at the field-fbr-resonance. This paper describes experimental results which invalidate 
this assignment, and consequently reopen the issue of in OLEDs. 
Beyond the foregoing issue, ODMR has proven to be a high sensitive probe of spin 
dependent recombination processes in small organic molecules^ and ^-conjugated 
polymers. It has also been applied directly to polymer and small molecular OLEDs?^ In 
essence, ODMR detects magnetic resonance-induced changes in optical transitions, which 
are induced by changes in spin-dependent processes involving long-lived spin-carrying 
species, e.g., polarons and TEs, and/or their spinless end products, e.g., SEs and bipolarons 
(BPs). 
The origin of the positive spin 1/2 polaron photoluminescence (PL)-detected 
magnetic resonance (PLDMR)/*"^ clearly the same as the origin of the negative spin 1/2 
PADMR, has long been controversial. "The quenching model" attributes the 
resonance to reduced quenching of SEs by polarons, whose population is reduced by 
magnetic resonance conditions.^'^^^^^ This assignment is both plausible, in light of 
the strong evidence that trapped charges due indeed quench SEs efficiently,^"^, and in good 
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quantitative agreement with the behavior of the PLDMR. Recently, however, 
Wohlgenannt et al. proposed that the resonance is due to enhanced delayed PL, which is due 
to enhanced recombination of nongeminate polaron pairs to SEs ("the delayed PL model"). 
^ As mentioned above, the results described in this paper are clearly inconsistent with the 
delayed PL model, and consequently reopen the issue of in OLEDs. They also provide 
evidence for the formation of bipolarons at short excitation wavelengths, in agreement with 
earlier results.'*"^* 
The experimental results which invalidate the delayed PL model consist of a 
combination of PLDMR and thermally stimulated luminescence (TSL) measurements. TSL. 
in and of itself, is a powerful tool for probing the density of gap states in disordered organic 
semiconductors.^* In brief, in a TSL measurement, the sample is photoexcited at a low 
temperature 7), the excitation is turned of% and the sample is then warmed up slowly. The 
observed TSL "glow" is due to thermally-induced detrapping of carriers which were 
photogenerated and trapped at 7% The TSL glow curves reveal the disorder parameters, 
which may also be obtained from transport measurements.^"^. Thus, by observing either the 
TSL or photocurrent, one can monitor the efficiency of polaron generation with excitation 
energy, and their detrapping and recombination dynamics. The clear advantage of TSL over 
photocurrent measurements is that TSL monitors intrinsic bulk carrier generation and 
recombination processes, whereas the photocurrent is sensitive to the organic/electrode 
interface. 
The PLDMR and TSL measurements focused on the high-quality poly(p-phenylene 
vinylene) derivative poly[2-(N-carbazolyl)-5-(2-ethylhexyloxy)-l ,4-phenylenevinylene] 
(CzEh-PPV).^ Indeed, the PL quantum yield (PLQY) of neat CzEh-PPV films (see below), 
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and the brightness and efficiency of CzEh-PPV-based polymer OLEDs, are exceptionally 
high'" 
6.2. Experimental Procedure 
The synthesis of the polymer was described elsewhere/" The PLQY was determined 
by measurements using an integrating sphere, and analysis following de Mello et al.^ 
For TSL measurements, a thick film of CzEh-PPV was prepared in an Ar filled glove 
box (oxygen level < 1 ppm) by drop casting the polymer solution on a quartz substrate. The 
film was then pumped at -3x10"* Torr for 24 hours at room temperature to remove residual 
solvent. The homebuilt TSL system was operable from 4.2 to 350 K, using an optically 
accessible temperature regulating He cryostat. After cooling down to 4.2 K, the samples were 
photoexcited by a 500 W mercury lamp with an appropriate set of glass optical filters for 
excitation wavelength selection. The excitation density at the selected wavelengths was kept 
at -5 mW by using a variable neutral density filter. After photoexcitation, the TSL was 
detected in a photon-counting mode with a cooled PMT that was positioned immediately 
next to the cryostat window. The measurements were performed both at the constant heating 
rate /?= 0.15 K/sec and under the fractional heating regime/* The fractional TSL, being an 
extension of the initial rise method, is based on cycling the sample with a large number of 
small temperature oscillations superimposed on a constant heating run. It yields the 
temperature dependence of the mean activation energy <Eg>(7), where T is the average 
temperature in a measuring cycle. The value of <#*> is the apparent activation energy of 
localized states emptied at T. 
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For PLDMR measurements, the samples were prepared by dissolving the polymer 
powder in purified oxygen free tetrahydrofuran (THF) inside a 4 mm OD quartz tube. To 
remove any dissolved oxygen in the solution, a freeze-pump-thaw cycle was performed 
several times until no bubble were visible. Then the solvent was evaporated, leaving a - 200 
nm thick film on the inside walls of the tube. The film sample was then pumped for 24 hours 
at room temperature and vacuum sealed. The sealed sample tubes were placed in the quartz 
dewar of an Oxford Instruments continuous He gas-flow cryostat, enabling temperature 
control from 5 - 300 K, inside an optically accessible X-band microwave cavity (microwave 
frequency - 9.35 GHz). Two types of PLDMR spectra are presented: (a) the //-scan 
spectrum, in which the microwave-induced change in the spectrally integrated PL AIpi/Ipi is 
measured, while sweeping the magnetic field (b) the F-scan spectrum, in which is 
measured at the Geld-fbr-resonance (i.e., at that constant magnetic field) as a function of the 
microwave chopping frequency The PLDMR spectra were measured using either a Si-
photodiode or a thermoelectrically cooled PMT. The excitation source for the PL was 
provided by a Pockels-cell-stabilized Ar^ laser at 457.9 nm or by the multilane UV emission 
of the laser at 351.4 + 363.8 nm. The excitation density was ~2%10^ photons/ cm^/sec at both 
excitation energies. An appropriate low pass filter blocked the laser line. The X-band 
microwave-induced change in T/% was detected by feeding the photodetector output into the 
signal input channel of a lock-in amplifier referenced to the microwave chopping frequency 
12 Hz < Vg < 10 kHz. The microwave power was 810 mW. 
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6.3. Results and Discussion 
6.3.1. Optical absorption, PL, and PLQY 
Figure 6.1 shows the structure, absorption, and PL spectra of 61ms of CzEh-PPV. In 
solution, its PLQY is 79% and 76% when excited at = 458 and 351 + 363 nm, 
respectively. The PLQY of the neat films deposited on quartz substrates are 56% and 39% at 
= 458 and 351 + 363, respectively, demonstrating the high quality of the polymer 61ms. 
However, the solid state effect, in particular interchain coupling, is still a major factor in the 
photophysics of this polymer.^ The main drop of the PLQY at higher excitation energy is 
concluded to be due to enhanced photocarrier generation (at the expense of SEs), as 
confirmed by the TSL described below. 
Absorption 
Photoluminescence 
i i i i 1 i i i i I i i i i I i t i i 1 i i i i 
300 400 500 600 700 800 
Wavelength (nm) 
Figure 6.1. Normalized absorption and PL spectra of CzEh-PPV. The absorption peak at 
-340 nm is due to the Carbazole moiety. Inset: the chemical structure of CzEh-PPV. 
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6.3.2. Thermally stimulated luminescence 
Figure 6.2 shows the normalized TSL glow curve following excitation at 313 nm 
(3.96 eV). The shape of the curve indicates that there at least two trap levels. We note that 
this is also the case in 2,5-dioctoxy-PPV (DOO-PPV)/' The best fit of the curve to a double 
Gaussian yields peaks at = 46 K and = 87 K, corresponding to trap energies = 64 
meV and = 175 meV. Figure 6.3 shows the fractional heating curve, obtained following 
excitation at 313 nm, and the resulting local activation energies <E@>. The linear dependence 
of <Ea> on T: 
<E»> = 0.00277-0.06 (6.1) 
is clear. The attempt frequency S for each trap was evaluated from the relation:38 
s=fFexp B m (6.2) 
where <Em> is the mean trap level evaluated from the fractional heating data and Tm is the 
temperature of the peak of the Gaussian component of the TSL. These yield the 
corresponding attempt frequencies = 6.0x10^ sec"' and ^2 = 5.5x10* sec"'. 
The disorder parameters for amorphous photoconductors can be evaluated from the 
TSL by analyzing the activation energy at the TSL peak There are two major decay 
processes for the carriers photogenerated at 4.2 K: Geminate recombination and trapping into 
shallow localized states. A theoretical treatment of the latter, based on relaxation of carriers 
within the Gaussian distribution of states, has been developed,^ as well as its application to 
TSL/* For the current results on CzEh-PPV, the resulting Gaussian distribution widths are en 
= 28 meV and os = 77 meV. Table VI. 1 summarizes values of 7^,, E*,, S*, and <%,/» = 1,2. 
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Figure 6.2. TSL glow curve at 313 nm excitation. The open circles are the TSL data; the 
thick line is the best fit of double Gaussian centered at T] = 46 K. and 7% - 87K. The curve 
marked by % is the low temperature component; the curve marked by * is the high 
temperature component. 
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Figure 6.3. The mean activation energy of CzEh-PPV determined by the fractional heating. 
Each heating segment composed progressive temperature parabola with 15 temperature stairs 
overlaid on the constant temperature gradient. The linear fitting yields the mean activation 
energy at each temperature. 
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TABLE VL1. Summary of the TSL parameters <&%>, and <%, at peak positions, 7^,. 
y» Tm(K) <Em> (eV) (sec'') <%,(eV) 
1 46 0.064 6.5x10" 0.028 
2 87 0.175 5.5x10* 0.077 
The presence of deep traps revealed by the TSL should reduce carrier mobility in 
CzEh-PPV. Indeed, time of flight measurements demonstrated that the hole mobility is 
reduced ~10 fold relative to that of MEH-PPV.47 
Figure 4 shows the action TSL curves, obtained by excitation at Eex = 2.84, 3.06, 
3.42, and 3.96 eV. Figure 6.5 show the integrated TSL at the excitation energies and the 
absorbance of the neat polymer film. It shows that the number of polarons generated by the 
excitation increases rapidly with the excitation photon energy and at = 3.42 eV the 
number is 30 times higher than at ^ = 2.84 eK It should be noted that the action TSL results 
are in good agreement with the results of thermally stimulated current (TSC) measurements 
on other ^-conjugated polymers.^ 
6.3.3. The relation between the TSL and the PLDMR 
The number of polaron pairs generated by the low temperature excitation at is 
clearly proportional to the integrated TSL Hence, a comparison between the TSL and 
the PLDMR obtained at these ^ provides a test of the delayed PL model of Wohlgenannt et 
al/" That model predicts that the PLDMR amplitude should be given by: 
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Figure 6.4. Action TSL spectra with different excitation energies. The excitation energies are 
2.84 eV (inverted triangles), 3.06 eV (triangles), 3.42 eV (circles), and 3.96 eV (squares). 
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Figure 6.5. The integral value of the action TSL spectra (dots) and absorbance (line). The 
line connecting the dots is a guide to the eye. 
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TSL.ddoyed Vgg/ZE 0 _ 9 (^SE/7E (6.3) 
(^Œ/7ï "*"0 ^ (fsg/IE "*" (^SE/TE 
where r^fyrg is the ratio of the formation cross section of SEs to TEs formed by nongeminate 
polaron recombination, and 77 is the polaron generation efficiency at Eg^. However, the nature 
of geminate and nongeminate polaron pairs must be considered carefully before the 
amplitude of the positive spin 1/2 PLDMR can be predicted from the observed TSL and the 
delayed PL model. 
In general, a gemmate polaron pair is a pair of polarons which are generated from one 
SE, i.e., it is generated by incomplete SE dissociation. At times shorter than the spin-lattice 
relaxation time Ti, the geminate polaron pair is a (singlet) spin-correlated pair. However, the 
geminate pairs which generate the TSL are very long lived (-10 min), and their spins are 
therefore uncorrelated. Hence, in the PLDMR measurement, such pairs are equivalent to 
nongeminate pairs. Consequently, the observed TSL and the predictions of the delayed PL 
model mandate that the positive spin 1/2 PLDMR at Eg% = 3.42 eV should be -30 times 
higher than that at E^ = 2.84 eV. 
6.3.4. The positive spin 1/2 PLDMR 
Figure 6.6 shows the positive spin 1/2 PLDMR at (a) ^ = 458 nm (E«* = 2.71 eV) 
and (b) /le* = 351 & 363 nm (E# = 3.53 & 3.42 eV). At A# = 458 nm the usual positive (PL-
enhancing) spin 1/2 polaron resonance is observed. However, at ^ = 351 & 363 nm a weak 
negative (PL-quenching) resonance is superimposed on the positive (PL-enhancing) 
resonance. Such negative resonances are typically observed at UV excitation/*and they 
are discussed in the next Section III.5. Most important, however, is the observation that the 
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Figure 6.6. (a) The spin 1/2 PLDMR at 458 nm excitation, (b) The spin 1/2 PLDMR at 351 + 
363 nm UV multiline excitation Note that the overall resonance signal decreases -6 fold at 
this excitation energy compared to (a). 
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positive spin 1/2 resonance at = 351 & 363 nm (Eg* = 3.53 & 3.42 eV) is -6 times weaker 
than at /Le = 458 nm (Eg% = 2.71 eV). Since the TSL at = 3.42 eV is -30 times stronger 
than that at = 2.84 eV, we conclude that the positive spin 1/2 resonance is not due to 
delayed PL from nongeminate polaron pair recombination. 
Since the PLDMR may be affected by delayed TE-TE annihilation to SEs, we 
compared the spin I half-field TE resonance (at g * 4) at = 458 nm and at ^ = 351 & 
363 nm. Figure 6.7 shows that their amplitudes are about the same. We therefore rule out the 
possibility that enhanced formation of TEs by UV excitation may be related to the reduction 
in the amplitude of the positive spin 1/2 PLDMR at UV excitation. 
The microwave chopping-frequency independence of the PLDMR (measured at the 
field-fbr-resonance) yields the lifetime(s) % of the process(es) responsible for the 
resonance/* For a resonance with in-phase and quadrature components ^ ^ : 
- _ c, exp[f arctan(2%Vc?i )] ^ Cz exp[f arctan^ary^ )] ^ _ 
/l + (2;n/,rj ^/l + (2^rj 
Figure 6.8 shows the independence of the modulus ^ ^ of the positive spin 
1/2 resonance at ^ = 458 nm. Fitting Eq. (6.4) to the observed behavior yields n = 40 ps 
and % = 320 ps. Following Graupner et al./* These two lifetimes are assigned as two 
different species of polaron pairs with different intra-pair separation/* 
= Tg' exp[-2r/a] (6.5) 
The long-lived species are intrachain-interconjugation-segment polaron pairs; the short-lived 
species are interchain pairs. By substituting the %/s in Eq. (6.5), we find that the intrachain 
139 
4 
- Spin a 1 (Am, = 2) 
Spin = 1 (Ame = 2) 
1600 1620 1640 1660 1680 1700 
H (Gauss) 
Figure 6.7. The half-field spin 1 (Am# = 2) TE PLDMR at (a) ^  = 458 nm and (b) A# = 351 
& 363 nm. Note that the amplitude of the resonance is about the same in both cases. The 
noise level in (b) is higher due to the absence of a laser stabilizer for these UV laser lines. 
140 
polaron pair separation is twice the interchain separation. The lifetimes of these pairs 
demonstrate clearly that these SE-quenching polarons are trapped polarons. 
6.3.5. The negative spin 1/2 PLDMR 
Figure 6.9(a) shows the spin 1/2 PLDMR, excited at ^ = 351 & 363 nm and 
measured at several values of %. As clearly seen, at high % only the positive resonance is 
observed, even at UV excitation. This positive resonance is clearly due to the closer, short 
lifetime interchain pairs identified above at = 458 nm. 
Figure 6.9(b) shows the ^-dependence of the spin 1/2 PLDMR at ^ = 351 & 363 
nm. The observed behavior is clearly due to the sum of a positive and a negative Lorentzian. 
The positive component yields % = 60 p,s; the negative component yields % = 760 /#. The 
longer value of % = 60 ^s as compared to the value at ^ = 458 nm, where n = 40 ^s, is 
expected: Excitation at = 351 & 363 nm should yield interchain polaron pairs whose 
average separation is larger than those generated at ^ = 458 nm, so their average lifetime is 
longer. 
A previous study on a-sexithiophene (a-67) provided strong evidence for the 
formation of BPs/* Another study determined the polaron-density-dependent BP generation 
rate/* The present results are consistent with these previous results, i.e., at low carrier 
concentration the stable charged excitations are polarons. At higher polaron density BP states 
are generated. Thus, at magnetic resonance, with increased polaron density generation BP 
formation becomes increasingly favored. In addition, ELDMR studies of polymer and small 
molecular OLEDs invariably yield a negative spin 1/2 ELDMR, which has also been 
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Figure 6.8. The microwave chopping frequency dependence of the positive spin 1/2 PLDMR 
at = 458 nm. The behavior requires a two Lorentzian fit (see Eq. (4)) with lifetimes % = 
40 us and % = 320 |is. 
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Figure 6.9. (a) UV excited #-scan at different microwave modulation frequencies. Note the 
growth of the quenching resonance at lower microwave chopping frequencies, (b) The 
microwave chopping frequency dependence of the spin 1/2 PLDMR at UV excitation. Note 
that the long lived component changes its resonance signature from PL-enhancing to PL-
quenching at this excitation energy. The behavior required a two Lorentzian fit with negative 
and positive coefficients (see Eq. 6.4). 
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concluded to result from enhanced formation of BPs.'*"^ We therefore assign the current 
negative resonance to this mechanism as well. The observation that the negative resonance is 
long-lived is consistent with the BP mechanism: The separation of the like-charged pairs is 
relatively large, so their lifetime is relatively long. 
As shown by Conwell and coworkers, the formation of a metastable BP requires the 
presence of a counterion.^ In the present case, an oppositely charged polaron trapped at the 
carbazole unit, which is an electron-donating group, may stabilize the formation of a negative 
BP on the CzEh-PPV backbone. 
6.4. Summary and Conclusions 
A combined TSL and PLDMR study of the high solid state PLQY (%/%, = 58%) PPV 
derivative with hole transporting carbazole side group CzEh-PPV was described. The TSL 
identified polaron trap levels distributed around = 64 meV, with an attempt frequency = 
6.0*10^ sec"', and = 175 meV, with #2 = 5.5% 10* sec"\ It also showed that excitation at 
3.42 eV results in polaron pair generation which is -30 times higher than at 2.84 eV. 
The positive spin 1/2 PLDMR at = 458 nm yields two distinct polaron pairs with 
very different lifetimes. As in other polymers, the short lifetime (~ 40 p,s) is attributed to 
interchain pairs. The long lifetime (~ 300 |is) is attributed to intrachain-interconjugation 
pairs. The positive spin 1/2 resonance at = 351 & 363 nm is -6 times weaker than at 
visible excitation. Since UV excitation results in a TSL which is -30 stronger but the positive 
spin 1/2 PLDMR which is -6 times weaker than at visible excitation, we conclude that that 
PLDMR cannot be due to enhanced delayed PL from nongeminate polaron recombation. It 
is, however, consistent with the quenching mechanism. The negative PL-quenching spin 1/2 
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resonance observed at ^ = 351 & 363 nm and low microwave chopping frequency is 
assigned to magnetic resonance-enhanced BP formation. 
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Vn. PHOTOLUMINESCENCE DETECTED MAGNETIC RESONANCE 
STUDY OF (&HYDROXYQUINOLINE) ALUMINUM 
A paper will be submitted to Physical Review B Condensed Matter Physics 
C.-H. Kim' and J. Shinar^ 
ABSTRACT 
A photoluminescence (PL)-detected magnetic resonance (PLDMR) study of fna-(8-
hydroxyquinoline) aluminum (Alqs) powder and vacuum-evaporated films is described. A 
positive (PL-enhancing) spin 1/2 polaron resonance is observed in both powder and films. Its 
observation implies that either it is not due to the conversion of nongeminate polaron pairs 
from the triplet to the singlet configuration (the delayed PL mechanism), or the yield of 
singlet excitons (SEs) in Alqs-based organic light-emitting devices (OLEDs) is greater than 
25%. Other evidence clearly demonstrates the former. The resonance is therefore attributed 
to reduced quenching of SEs by a reduced population of polarons (the quenching 
mechanism). Its microwave chopping frequency ^-dependence yields a polaron pair lifetime 
of 6.1 ms in polycrystalline powder samples and 2.1 ms in the amorphous films. These values 
are much longer than that found in ^-conjugated polymers. 
The positive spin 1/2 resonance is weaker in powder than in evaporated films, 
suggesting that the films contain more defect sites which promote SE dissociation to polarons 
and/or trap polarons. The behavior of the absolute PL quantum yield (PLQY) is consistent 
with this conclusion: The PLQY of the powder samples is 0.33, while that of film samples is 
1 Graduate student, primary researcher, and author, Ames Laboratory-USDOE and Department of Physics, Iowa 
State University. 
2 Professor and author for correspondence, Ames I.aboratory-USDOE and Department of Physics, Iowa State 
University. 
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0.18, indicating that the amorphous state of the films contains a higher density of such 
intermolecular sites than powder samples. 
The PLDMR also includes full- and half-field triplet exciton (TE) powder patterns, 
providing direct evidence for TEs in Alqs. However, the amorphous 61ms do not exhibit a 
detectable full-field pattern, and the half field triplet pattern is three times weaker in 61ms 
than in powder. In the latter, the zero 6eld splitting parameters of the TE PLDMR are 
D/(g/^) - 680 G and E/(&WB) - M G, yielding an upper bound - 3.4 A for the spatial 
extent of the TE wavefiinction, and suggesting tentatively that it is localized on the 
phenoxide ring of the ligand. 
As in luminescent ^-conjugated polymers, the half 6eld TE PLDMR is positive (PL-
enhancing). However, in contrast to polymers, the full 6eld pattern is negative (PL-
quenching). The ^-dependence of the half- and full-6eld resonances yield single lifetimes 
5.2 ms and -11 ms, respectively. These results suggest that the half- and full-6eld 
resonances result from different mechanisms: Following List et al., the PL-enhancing half 
6eld resonance is attributed to reduced quenching of SEs by TEs, due to a TE population 
reduced by magnetic resonance conditions at half-6eld. Following PLDMR studies on 
rubrene, the PL-quenching full-Held resonance is tentatively attributed to reduced geminate 
TE-TE pair annihilation to SEs. If this scenario is correct, it would imply that as in rubrene, 
SEs in Alq] may 6ssion to geminate triplet pairs, and triplet pairs may fuse to SEs. The 
relatively high PLQY of solid Alqg would then imply that the TE energy is slightly higher 
than half the SE energy. 
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7.1. Introduction 
The pioneering work of Tang and VanSlyke on fnj-(8-hydroxyquinoline) aluminum 
(Alqa; see Fig. 7.1)-based organic light emitting devices (OLEDs),' and of Friend and 
coworkers on poly(p-phenylene vinylene) (PPV)-based OLEDs,^ spawned intense interest in 
luminescent ^-conjugated materials, which continues unabated. Much of this interest has 
focused on the spin-dependent recombination properties of carriers in these materials and 
devices, as it is central to their behavior. In particular, the issue of the yield of singlet 
excitons (SEs) and triplet excitons (TEs) generated by carrier recombination in OLEDs 
continues to draw wide attention. Simple Langevin random spin recombination mandates a 
SE yield = 25% and a TE yield = 75%. Indeed, studies by Baldo and coworkers on 
OLEDs based on Alq;^ and PPV^ concluded that in both of these materials - 22 ± 3%. 
However, other experimental studies have suggested that in ^-conjugated polymers 7/gg > 
25%/"'° and it increases, to up to -60%, with increasing conjugation length/'*'These 
studies were supported by various theoretical studies, which concluded that the spin-
dependent carrier recombination in ^-conjugated polymers is different from that in %-
conjugated small molecules.""'^ Yet the studies by Wohlgenannt et al/'* were based on a 
particular interpretation of photo-induced-absorption (PA)-detected magnetic resonance 
(PADMR) measurements/ while that of Wilson et al.'° was restricted to certain polymers 
containing Pt in their backbone. 
The PADMR studies cited above are among the numerous optically- and electrically-
detected magnetic resonance (ODMR and EDMR, respectively) studies of ^-conjugated 
polymers and polymer OLEDs reported to date.'^ Yet very few ODMR and EDMR studies 
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have addressed the spin-dependent dynamics in small molecular materials and OLEDs. This 
paper describes a detailed PL-detected magnetic resonance (PLDMR) study of the model 
small molecular light emitting material Alqs. 
Din 
D 
• 
Figure 7.1. The molecular structure of tris-(8-hydroxy quinoline) A1 (Alqs). 
Alqs is a member of the 8-quinolinol (QOH) metal chelates family, which is part of 
the larger family of chelates of the type M(QO)„, where » equals the oxidation state of the 
central metal M; these metal chelates are also known as metal oxinates.^ The PL of Alqg was 
shown to result from a ligand-based %* —» # transition/* This assignment was confirmed by 
measurements which showed that the absorption and PL spectra of deprotonated 8-hydroxy 
quinoline are very similar to those of Alqs.^ 
The molecular packing geometry is extremely important for determining the optical 
properties of molecular materials. The # - # interaction between neighboring molecules can 
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dramatically reduce the emission oscillator strength to convert strong fluorescent materials 
such as fraw-stilbene into nonemitting materials.^ Thus, in most light-emitting organic 
semiconductors stacking must be prevented to achieve a high PL quantum yield (PLQY)/' 
This conclusion is in agreement with the observation that the PLQY of amorphous films is 
generally higher than that of polycrystalline powder samples. However some molecular 
materials exhibit the opposite behavior, as their PLQY in polycrystalline powder former is 
higher than in amorphous film form. As shown below, Alqs is one such material. 
The structure of the two dominant phases of Alqg crystals, a-Alqg and /Z-Alqg, is the 
triclinic space group f-1 with interligand spacings in the 3.5 - 3.9 A ranged Their peak 
fluorescence wavelength is correlated with both the molecular density of the packing and the 
separation of interligand contacts between neighboring Alqs molecules.^ The different 
dipolar interactions and different orbital overlaps result in increasing redshifts of the 
fluorescence spectra with decreasing distance between quinoline ligands of neighboring Alqs 
molecules. In other words, the denser the crystal, the longer the peak fluorescence 
wavelength. 
An extensive study of the fluorescence and phosphorescence of M(QO)„ metal 
chelates by Ballardini ef a//* demonstrated that the PLQY, peak emission wavelength, and 
fluorescence lifetime of Alqs in dimethyl fbrmamide (DMF) solution is 0.116, 535 nm, and 
11 ns, respectively. Interestingly, that study yielded no detectable phosphorescence from 
Alqs, in contrast to the results on Ir(QO)3, Pt(QO)], Pb(QO)s, and Bi(QO)g, which included a 
red emission band around 650 nm with lifetime of 2 - 3 p,s at room temperature. Indeed, we 
are unaware of any direct observation of phosphorescence from Alqs, and the only indirect 
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indication of such emission is given by Baldo and Forrest.^ Thus, the TE PLDMR described 
below provides the only direct observation of TEs and their dynamics in Alqg. 
7.2. Experimental Procedure 
The starting Alqs powder was purchased from TCI America. The powder was 
dissolved in toluene, the solution was placed in a 4 mm OD quartz tube, and the solvent was 
evaporated by pumping the tube. The tube was then heated at 120°C for two hours in active 
vacuum to degas any residual solvent. This resulted in the deposition of A% crystallites on 
the interior walls of the quartz tube. Amorphous 330 nm-thick films of Alqs were deposited 
at 5.0 A/sec on Coming 7059 substrates by vacuum sublimation in a base pressure of 3% 10^ 
Torr. The sample was then transferred into a 4 mm OD quartz tube and placed in an active 
vacuum for 24 hours at room temperature before vacuum sealing. The absolute PL quantum 
yield (PLQY) of the samples was measured using an integrating sphere/* The PLQY of the 
polycrystalline powder samples was 0.33 ± 0.03, but that of the amorphous film samples was 
0.18 ±0.03. 
The PLDMR system is described elsewhere/*'^"^"^^ In brief, it is a modified 
optically-accessed X-band electron spin resonance (ESR) system, in which the microwaves 
are square wave-modulated at a chopping frequency % and the PLDMR is detected by a 
lockin amplifier referenced to The sealed sample tubes were placed in the quartz finger 
dewar of an ESR 9000 continuous He gas flow cryostat, enabling temperature control from 5 
to 300 K. The nominal microwave frequency during the experiment was -9.40 GHz. Two 
types of PLDMR spectra are presented. One is the ff-scan spectrum, in which the 
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microwave-induced change in the spectrally integrated PL /!//%//#, is measured as a function 
of the slowly swept DC magnetic Geld. The other is the F-scan spectrum, in which is 
measured at the peak of the resonance (i.e., at that constant magnetic field) as a function of 
Fitting the absolute magnitude of the resonance amplitude |^|, where is given by/' 
# = c exp[z arctan(2%Vcf )] ^  (7.1) 
to the observed behavior, yields the lifetime r of the polarons or TEs which generate the 
resonance. In some cases no single lifetime yields a good fit, and then the observed 
behaviour may be in good agreement with the sum of two terms, with different lifetimes r, 
and 
The PLDMR spectra were measured using either a Si-photodiode or a 
thermoelectrically cooled PMT. The PL was excited by the multiline UV emission of an Ar* 
laser at 351.4 and 363.8 nm. The excitation density was -2%10^ photons/cm^/sec at both 
excitation wavelengths. An appropriate low pass filter placed in front of the detector blocked 
the laser lines. As noted above, the X-band microwave-induced change in the Tfi was 
detected by feeding the photodetector output into a lock-in amplifier referenced to the 
which was varied from 12 Hz to 10 kHz. The microwave power was 810 mW. 
73. Results and Discussion 
7.3.1. The PL spectra and PLQY 
As mentioned above, the PLQY of the polycrystalline powder samples %% = 0.33 
was much higher than that of amorphous films, where = 0.18. As also mentioned above, 
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this behavior is in contrast to that of most luminescent molecular materials. In addition, the 
PL spectrum of the films exhibited a significant blue shift of -54 meV when their 
temperature was lowered from 300 K to 20 K. 
Figure 7.2 shows the absorption and emission spectra of a 330 nm-thick vacuum-
evaporated film and the PL of a polycrystalline powder sample. The PL spectrum of the 
amorphous film peaks at Aem - 530 nm and its full-width at half-maximum is FWHM - 0.45 
eV; for that of the polycrystalline powder samples, ^ ^  507 nm and FWHM - 0.35 eV. 
Hence the PL of the film is significantly redshifted (by -100 meV) and broader than that of 
the polycrystalline powder sample. This demonstrates that, as expected, the energetic 
disorder is greater in the amorphous film, and a greater fraction of the emission is due to SEs 
which diffuse to lower-energy sites. These results are in agreement with previous studies. In 
particular, Brinkmann et al.^ performed an extensive study on different polymorphs of 
polycrystalline powders and vacuum evaporated films of Alqs. They observed that the 
emission from a-Alqa, /Z-Alqs, and vacuum-evaporated film peaks at 504, 515, and -540 nm, 
respectively. In other studies, the films'emission peaks ranged from 520 to 537 nm.^* The 
amorphous nature of the vacuum-evaporated thin films was confirmed by the absence of any 
detectable X-ray diffraction peaks, even when they were deposited at a substrate temperature 
as high as 425 K.. Since the molecular packing geometries are expected to be widely 
distributed in the amorphous films, the SEs generated by photoexcitation would largely 
diffuse to the lower-energy sites, which would be sites where the facing quinoline ligands 
between two Alq] molecules have favorable overlap. As suggested above, this would 
account for the redshifts of the PL of the amorphous films. 
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Alq3 film PL 
Alq3 film Abs 
Alq3 powder PL 
300 400 500 600 700 
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800 
Figure 7.2. Normalized room temperature absorption (o) and PL (0) spectra of 330 nm-thick 
vacuum evaporated Alqg films. The absorption peak is at 394 nm and the emission peak is at 
525 nm. The lines near 351 and 364 nm are the laser excitation lines. Note that the PL 
spectrum of polycrystalline Alqs powder, given by the solid line (—) peaks at 507 nm. 
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The observation that the PLQY of the polycrystalline powder samples is much higher 
than that of the amorphous films indicates that the latter contain a higher density of SE 
dissociation centers or quenching sites. Since the vacuum evaporated films probably contain 
more mis-aligned ligands, such conformational defect sites may be trapping sites for carriers, 
as suggested by Burrows et al.^ We therefore suggest that these conformational defect sites 
would act as both lower SE energy sites and as SE dissociation centers, i.e., quenching sites. 
It was previously shown that the free volume in vacuum-evaporated films is much 
larger than in polycrystalline powder/' Since the interligand sites with high overlap 
would serve as the terminal sites of SE migration, the redshift of the PL of amorphous films 
relative to polycrystalline powder can be explained without regard to the free volume. 
7.3.2. The spin 1/2 polaron PLDMR 
The spin 1/2 polaron pair resonance of polycrystalline powder samples and 
amorphous vacuum-evaporated films at T = 20K is shown in Fig. 7.3. The amplitude of the 
resonance of the films is - 10^, which is comparable to its value in many 
1 *7 01 Ol 1Î 
luminescent %-conjugated polymers, " ' and -5 times stronger than that of the 
polycrystalline Alqa powder. This observation suggests a relation between the resonance and 
conformational defects which induce SE dissociation, quench SEs, or trap carriers/^ This 
relation was indeed established by comparing the spin % PLDMR and thermally stimulated 
current (TSC) of pristine and photooxidized methyl-bridged ladder-type poly(p-
paraphenylene) (m-LPPP): Both the PLDMR and the TSC, which is due to trapped carriers 
generated by SE dissociation, are much stronger in the photooxidized films/^ Thus the 
increased PLDMR of the films is due to the increased defect density in the amorphous films. 
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Figure 7.3. The spin 1/2 polaron PLDMR of polycrystalline powder samples (+) and 
vacuum-evaporated amorphous films (o) at 20K. Note that the resonance of the films is 
-5 times stronger than that of polycrystalline powder samples. 
The lifetime of the polarons or polaron pairs which generate the resonance was 
determined by measuring the F-scan spectra as described in Sec. II above. Figure 7.4 shows 
these spectra for the (a) amorphous vacuum-evaporated films and (b) polycrystalline powder 
at 7= 20K. They yield (a) 2.7 ms in the films and (b) r= 6.1 ms in the polycrystalline 
powder. 
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Figure 7.4. The microwave chopping frequency ^.-dependence of the spin 1/2 polaron pair 
resonance of (a) the vacuum evaporated amorphous films and (b) the polycrystalline powder 
samples at T = 20K. The fit to the Lorentzian dependence yields polaron pair lifetimes of (a) 
= 2.7 ms and (b) = 6.1 ms, respectively. 
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The actual mechanism which generates the spin 1/2 polaron PLDMR has been 
debated for a long time/"^*"^^ Lately, the debate has gained importance as one of the 
proposed mechanisms provided the basis for a determination of the yield of SEs and TEs in 
small molecular and polymer OLEDs/"* Hence it is worthwhile to summarize the proposed 
mechanisms and assess their validity: 
7.3.2a. The TE-TE annihilation mechanism^ 
In this scenario, off-resonance the singlet polaron pair population %%%, is Aig&er than 
the population of each sublevel of triplet polaron pairs and /%,,+!. At the field-
fbr-resonance, more pairs convert to frip/gf pairs than vice versa, and the PL increases 
due to enhanced TE-TE annihilation to SEs. This scenario, however, is inconsistent with the 
observation that the PA of TEs dkcreas&s at the field of the spin 1/2 resonance, 
d e m o n s t r a t i n g  u n a m b i g u o u s l y  t h a t  t h e  T E  p o p u l a t i o n  d e c r e a s e s  a t  t h i s  f i e l d / T h i s  
mechanism is therefore ruled out. 
7.3.2b. The ground-state-recovery mechanism^ * 
In this scenario, at the field-fbr-resonance the recombination of polaron pairs to the 
ground state increases, and, regardless of the causes of this enhancement, it increases the 
population of the ground state, which increases the absorption from the ground state, and 
hence the population of the SEs /%%. This mechanism, however, is also inconsistent with 
several observations: (i) Both optically thin and optically thick samples exhibit this 
resonance. If this were the correct mechanism, the resonance would vanish in optically thick 
samples, (ii) The mechanism responsible for this PLDMR is clearly the same as that of the 
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negative spin 1/2 PADMR exhibited by PPV'* and m-PPP^ and the positive low-temperature 
spin 1/2 EL-detected magnetic resonance (ELDMR) exhibited by PPV- and Alqa-based 
OLEDs.^'^ And while this mechanism can account for the negative spin 1/2 PADMR, it 
cannot account for the positive spin 1/2 ELDMR, which is generated by carrier injection, not 
photoexcitation. This mechanism is therefore ruled out as well. 
7.3.2c. The delayed PL mechanism 
This scenario is, in a sense, opposite to that of the TE-TE annihilation scenario (Sec. 
III.2.1 above). It assumes that off-resonance is /ower than i, o, and %#%,,+!. At the 
field-fbr-resonance, more triplet pairs convert to singlet pairs than vice versa, and the PL 
increases due to the increased recombination of these singlet pairs to SEs. In effect, the 
enhancement of the PL at the field-fbr-resonance is due to enhanced delayed PL which 
results &om enhanced recombination of nongeminate polaron pairs to SEs/ 
The delayed PL mechanism is the basis for the model of Wohlgenannt et al./"* which 
predicts the yield of SEs in OLEDs from the PADMR of the emitting material. In particular, 
it predicts that in OLEDs in which the emitting material exhibits the negative spin 1/2 
PADMR, the positive spin 1/2 PLDMR, and/or the positive spin 1/2 ELDMR, the yield of 
SEs would be significantly higher than 25%. Yet it is widely believed that in Alqa OLEDs 
the yield of SE is < 25%, and the study by Baldo et al/ is in agreement with this belief. 
Hence we must conclude that either this mechanism is not the mechanism which generates 
the spin 1/2 PLDMR in Alqa, or the yield of SEs in Alqs OLEDs is significantly greater than 
25%. 
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The delayed PL model is also inconsistent with several recent results, which will be 
treated in detail later: (i) Double-modulation PLDMR. measurements, in which both the 
exciting laser power and the microwave power are modulated, demonstrate that the 
contribution of the prompt PL (which is due to SEs generated directly by photoexcitation) to 
the resonance is essentially equal to that of the delayed PL.** (ii) A combined PLDMR and 
thermally-stimulated-luminescence (TSL) study of PPV derivatives which yield high-
performance OLEDs shows that when the exciting photon energy is increased from the 
visible to the UV, the PLDMR deceases by a factor of -8 while the TSL increases by a factor 
of -30.*^ Since the TSL is due to delayed PL from recombination of trapped polarons which 
become detrapped at the temperature is increased, the observed behavior invalidates the 
delayed PL model for the positive spin 1/2 PLDMR. The conclusion that the positive spin 1/2 
PLDMR is not due to the delayed PL mechanism clearly reopens the issue of the yield of SEs 
in small molecular and polymer OLEDs. 
7.3.2d. The quenching mechanism 
The quenching mechanism is based on the well-established conclusion that charges 
(i.e., trapped or free polarons) quench SEs in %-conjugated materials.**"^ At the field-fbr-
resonance, the polaron population decreases. This reduces this quenching rate and enhances 
the PL. A detailed rate-equation analysis of the behavior of the spin 1/2 PLDMR in m-LPPPs 
and oligophenylenes, which was based on this mechanism, was found to be in excellent 
agreement with the observed behavior of the resonance.^ Moreover, of the four mechanisms 
considered in this work, the quenching mechanism is the only mechanism which is consistent 
with all of the experimental results obtained to date. We therefore conclude that this 
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mechanism is also responsible for the positive spin 1/2 PLDMR of Alqa. The observation that 
the resonance is stronger in the amorphous 61ms than in the polycrystalline powder samples 
is, of course, consistent with the lower PLQY of the amorphous 61ms and the ensuing 
conclusion that the films contain a higher density of quenching sites and/or trapped charges, 
which originate from SE dissociation. 
733. The spin 1 triplet exciton PLDMR 
7.3.3a. The TE resonances 
Figure 7.5 shows the (a) full- and (b) half-Held TE powder-pattern PLDMR in 
polycrystalline powder samples at T = 20K. The full-Held pattern, which is due to the A## = 
±1 transitions among the TE sublevels, is negative (PL-quenching). This result is in contrast 
to the positive (PL-enhancing) pattern observed in luminescent ^-conjugated 
polymers, it is similar to the negative pattern exhibited by polycrystalline 
rubrene films.The positive (PL-enhancing) half-Held pattern, which is due to the Ams = 
±2 transitions among the TE sublevels, is similar to the positive half-Held patterns exhibited 
by luminescent ^-conjugated polymers. ' ^  ^ ^^4,26,36 As mentioned in Sec. I above, to our 
knowledge, these results are the first direct observations of the TE state and its dynamics in 
Alqs. 
The width and shape of the full- and half-Held powder patterns yield the zero-Held 
splitting (ZFS) parameters D/g//# - 681 G and jE/gw# - 14 G of the TEs.'*''^'^*'^'^ These 
values are typical of those observed in the polymers. It can be shown that they determine an 
upper bound for the spatial extent of the TE wavefunction, ' which, in this case, 
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Figure 7.5. (a) The full field (Am, = 1) PL-quenching triplet powder pattern PLDMR of the 
polycrystalline powder samples at T = 20K. The central PL enhancing narrow resonance is 
the spin 1/2 resonance (see text), (b) The half-field (Am, = 2) PL-enhancing triplet powder 
pattern PLDMR of the same sample at 20K. 
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is fd, - 3.4 À. The low value of E/g//# demonstrates that the symmetry of the TEs is nearly 
axial. The small value of r%6, which is typical of the polymers, indicates that the TE in Alqa is 
indeed a Frenkel exciton. Its near axial symmetry suggests tentatively that it is localized on 
the phenoxide ring (see Fig. 7.1). This tentative conclusion obviously requires confirmation 
by additional studies. 
Figure 7.6 shows the F-scan of these resonances, which, following Eq. (7.1), yield TE 
resonance lifetimes of (a) 11 ms in the polycrystalline powder samples and (b) 5.2 ms in the 
amorphous films. These lifetimes are much longer than the estimated TE lifetimes in the 
polymers. The different sign of the full- and half-field resonances, and their different 
lifetimes, suggest that they are due to different mechanisms. The probable mechanisms are 
discussed below. 
Figure 7.7 shows the (a) full- and (b) half-field triplet powder patterns in the 
amorphous Alqa films. As clearly seen, the Alms exhibit a very faint positive full-field 
pattern; its width is similar to that of the negative full-field pattern observed in the 
polycrystalline powder samples. 
The positive half-field resonance is -3 times weaker than that of the polycrystalline 
powder samples. We note that this situation, in which the spin 1/2 polaron resonance is 
stronger but the half-field TE resonance is weaker in the amorphous films, is highly unusual, 
since in the polymers studied by PLDMR to date, the behavior of the spin 1/2 and TE 
resonances was found to be similar. Indeed, this similarity formed the basis for the 
proposition that the TE-TE annihilation mechanism is the origin of the spin 1/2 polaron 
resonance (see Sec. III.2.1). Hence, the current results on Alq] provide an additional case 
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which is inconsistent with this mechanism. We now consider the origins of the half- and full-
field TE resonances. 
7.3.3b. The origin of the positive half-Geld TE resonance 
The mechanism which generates the positive half- and full-field TE powder patterns 
in luminescent ^-conjugated polymers was recently clarified by monitoring the resonance in 
guest-host polymer blends?* It was shown that the guest and host emission contributed 
similarly to the half-field resonance of the guest, and contributed similarly to the half-Geld 
resonance of the host. This observation rules out the TE-TE annihilation mechanism (see 
Sec. III.2.1 above) and the ground-state recovery mechanism (see Sec. III.2.2 above), but it is 
in agreement with the well-established quenching mechanism, in which SEs are quenched by 
TEs:^ At the field-fbr-resonance, enhanced TE decay lowers the population of TEs, which 
reduces the rate at which SEs are quenched by triplets. Confirmation of this mechanism for 
Alqs, however, requires a measurement of its PADMR, to demonstrate that the TE population 
decreases at the field-fbr-resonance. 
7.3.3c. The origin of the negative full-field TE resonance 
As mentioned above, the observation of a negative full-field TE powder pattern 
PLDMR is highly unusual, as the pattern in the luminescent ^-conjugated polymers studied 
to date is invariably positive. To our knowledge, the only other material which exhibits a 
broad negative pattern is rubrene/*'^ In rubrene, however, it is well-known that the energy 
of the lowest TE level is nearly exactly half of the lowest SE level.Thus, due to resonant 
fission of the lowest SEs to geminate TE pairs, the PLQY of solid rubrene is only -10%, 
whereas in dilute rubrene solutions it is nearly 100%. The negative full-field TE PLDMR is 
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then a consequence of the decorrelation of the spins of the geminate TE pairs, which inhibits 
their recombination to SEs. If this mechanism is also the origin of the negative full-field TE 
resonance in Alqs, it would imply that the lowest TE energy in this material is also 
approximately half the lowest SE energy. However, since the PLQY of solid Alqs is much 
higher than that of solid rubrene, it would follow that the yield of SE fission to geminate TE 
pairs in Alqg is much lower than in rubrene. This, in turn, would suggest that the TE energy 
in Alqs is slightly higher than half the SE energy. Within this scenario, the observation that 
the TE resonance is weaker in the amorphous films than in the polycrystalline powder, and 
that the faint full-field TE resonance in the films is not negative, implies that the fission of 
SEs to TEs and the fusion of TEs to SEs is weaker in the amorphous films. This could result 
from the larger free volume and poorer molecular stacking in the films. Additional studies 
which would examine this scenario are clearly needed. 
7.4. Summary and Concluding Remarks 
In summary, the PLDMR of polycrystalline powder samples and amorphous films of 
Alqs was described. Both powder and films exhibit a positive (PL-enhancing) spin 1/2 
PLDMR; its microwave chopping frequency % dependence yields a (trapped) polaron or 
polaron pair lifetime of 6.1 ms in powder and 2.1 ms in the films. These values are much 
longer than those found in %-conjugated polymers. 
The positive spin 1/2 resonance is attributed to reduced quenching of SEs by a 
reduced polaron population at the field-fbr-resonance. In particular, the observation of this 
resonance in Alqs invalidates either the delayed PL model of Wohlgenannt et al., which was 
the basis for the PADMR-based prediction of the yield of SEs in OLEDs, or the conclusion 
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that the yield of SEs is no more than 25% in Alqg-based OLEDs. The observation that the 
resonance is stronger in the films than in the powder is consistent with a higher density of SE 
dissociation and/or quenching center in the former. This is also consistent with the higher 
PLQY of the powder. 
The PLDMR of the Alqg powder and films also provides the first direct signature of 
TEs and their dynamics in Alq;. The powder pattern resonances include a positive half-field 
resonance, due to A/Ms = ±2 transitions among the magnetic sublevels of the TE states, and a 
full-field resonance, due to A/?% = ±1 transitions among these sublevels. While the full-field 
resonance is very faint but positive in the amorphous films, it is negative in the powder. The 
widths and shapes of the patterns yield zero-field splitting parameters D/g/# = 681 G and 
= 14 G. These yield an upper bound of 3.4 À for the spatial extent of the TE 
wavefunction; the low value of E/gy# implies a nearly axially symmetric wavefunction. It is 
therefore tentatively concluded that the TE is localized on the phenoxide ring of the ligand. 
In the polycrystalline powder samples, the ^-dependence of the half-Geld and low-
field singularity of the full-field powder pattern resonances yield TE lifetimes of -5.2 and -
11 ms, respectively. The opposite signs of these resonances and their different lifetimes 
suggest different origins. Following List et al., the positive half-field resonance is attributed 
to reduced quenching of SEs by TEs. Following Lesin et al., the negative full-Geld resonance 
is tentatively attributed to the decorrelation of the spins of geminate pairs of TEs at 
resonance. Vindication of this scenario would imply that the energy of the lowest TE state is 
slightly higher than half of the energy of the lowest SE. 
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vm. NOVEL BRIGHT SMALL MOLECULAR WHITE OLEDS 
A paper published in SPIE Proceedings^ 
C.-H. Kim^ and J. Shinar^ 
ABSTRACT 
Bright [indium tin oxide (IT0)]/[A^M'-diphenyl-7Vi M-bis(l -naphthyle-phenyl)-! ,1'-
biphenyl-4,4'-diamin (NPB)/[2 wt.% perylene-doped 4,4'-bis(9-carbazolyl) biphenyl 
(CBP)]/[2-(4-biphenylyl)-5 -(4-ferf-butylphenyl)-1,3,4-oxadiazole (Bu-PBD)]/[2 wt.% 4-
(dicyano-methylene)-2-methyl-6-(p-dimethyl aminostyryl)-4H-pyran (DCMl)-doped tris-(8-
hydroxy quinoline) A1 (Alq3)]/CsF/Al OLEDs are described. The electroluminescence (EL) 
spectra consist of blue and green bands at 453, 487, and 524 nm due to perylene and a red 
band at 600 nm due to DCM1, i.e., the emission zones are completely separated by the Bu-
PBD. As the thickness of the NPB and perylene:CBP layers increases and that of the 
DCM1 : Alqs layer decreases the intensity of the perylene emission increases strongly relative 
to the DCM1 emission. For 350 À thick NPB, 350 À thick perylene:CBP, 100 A Bu-PBD, 
and 150 À DCMLAlqa, the onset voltage is 6.5 V, the brightness reaches 3750 Cd/m2 at 
20V, the efficiency is 2.4 Cd/A at 19 V, and the (x,y) CIE coordinates are well within the 
white region. However, as the bias is increased the intensity of the perylene emission 
increases relative to the DCM1 emission, so (%,}») evolves from (0.42, 0.35) to 14 V to (0.29, 
0.32) at 21 V. Both the layer thickness- and bias-dependence are believed to result from 
1 Reprinted with permission of SPIE (The International Society for Optical Engineering), 2002, 4464, 336-343. 
2 Graduate student and primary researcher and author, Ames Laboratory-USDOE and Department of Physics, 
Iowa state University. 
3 Professor and author for correspondence, Ames 1 .aboratorv-US DOE and Department of Physics, Iowa state 
University. 
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changes in the recombination zone and in the filed- and cathode-mirror-induced quenching of 
the DCM1 singlet excitons. 
8.1. Introduction 
Among organic light emitting devices (OLED's), based either on small molecules ^ 
or polymers,^ white-emitting devices are drawing particular attention due to their 
potential use in various lighting applications, including general lighting purpose, i.e., as 
potential replacements for incandescent bulbs and fluorescent tubes. For this ultimate 
purpose, it is highly desirable that they be operable at - 1000 lumens for- 10* hours, at a 
power efficiency >30 lumens/W. These requirements have been met for green 
OLED's/ and some red electrophosphorescent devices have met the r//wer and the lifetime 
requirements/ Yet, while several white OLED's have been fabricated and studied in recent 
years, achieving such a white device remains elusive. In addition, due to the broad nature of 
the organic fluorescence, it is difficult to achieve a voltage-tunable full color device without 
using very narrow emission band component materials. Instead, one would like to achieve a 
bias-independent white OLED. Yet many white OLED's show color variation with bias 
voltage, regardless of their structure, whether single layer or multilayer.^'* This bias 
dependence may result from the variation of the inhomogeneous internal field of a multilayer 
device or the varying singlet exciton (SE) quenching rate, which is stronly dependent on the 
position of the SE in the device. 
This paper describes novel bright white multilayer OLED's based on a 2 wt.% red-
emitting 4-(dicyano-methylene)-2-methyl-6-(p-dimethyl aminostyryl)-4H-pyran (DCM1)-
doped tris-(8-hydroxy quinoline) A1 (Alqs) (DCMLAlqg) layer, and a 2wt.% blue-emitting 
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perylene-doped 4,4'-bis(9-carbazolyl) biphenyl (CBP) (PRL:CBP) layer. While the CIE 
coordinates of the emission from these devices are also bias dependent, they are well within 
the white range over a relatively wide bias range. 
8.2. Experimental Procedure and OLED Design Considerations 
Besides the foregoing blue-emitting PRL:CBP and red-emitting DCMl:Alq3 layers, 
the multilayer devices included an M vV'-diphenyl-M jV'-bis( 1 -naphthyle-phenyl)-1,1'-
biphenyl-4,4'-diamin (NPB) hole transporting layer, and a 2-(4-biphenylyl)-5-(4-fgrf-
butylphenyl)-1,3,4-oxadiazole (Bu-PBD) layer sandwiched between the PRL:CBP and 
DCMl:Alqs layers. The chemical structures of NBP, CBP, perylene, Bu-PBD, Alqa, and 
DCM1 are shown in Figure 1. The OLED structure and a diagram of the highest occupied 
molecular orbital (NOMO) and lowest unoccupied molecular orbital (LUMO) energy 
levels^are also presented in Figure 8.1. As received, the thickness of the Applied Films 
Corp. indium thin substrate (ITO) was 150-200 nm and its sheet resistance was R - 20 O/O. 
It was treated with diluted aquaregia (20 vol.% in water) to enhance hole-injection,^ 
following which R increased to - 45 O/O. 
The organic layers were sequentially deposited by thermal evaporation in a vacuum 
chamber installed in a glove box. The nominal deposition rate of organic layers was kept 
under 5 A /s for all layers. The background pressure of the evaporation was less than 3*10"* 
Torr. The doped layers were deposited by coevaporation of the two molecules; the 2% 
doping level was determined by controlling the deposition rates of the two components. The 
luminescence was measured with a Minolta LSI 10 luminance meter and the current-voltage 
and electroluminescence (EL) intensity-voltage curves were measured with either 
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Figure 8.1. Molecular structure of the materials used for fabrication of the OLEDs in this 
work, the device structure, and the energy level diagram of the OLEDs. The energy level data 
are based on references 10-12. 
an HP55403 semiconductor parametric analyzer or a Kepco DPS 40-2M programmable 
power supply-based system with a wide area photodiode form UDT corporation. The 
photoluminescence (PL) and EL spectra were measured using an Ocean Optics CCD 
spectrometer and all the spectra were corrected for the overall system response. The PL of 
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the device was excited by the 351.1 and 363.8 nm lines of a Spectra Physics BeamLock 2080 
Ar^ laser. 
Three types of ITO/NPB/[PRL:CBP]/Bu-PBD/[DCM:Alq3]/CsF/Al devices were 
studied. In all of them the thickness of the Bu-PBD layer was 100 À and of the CsF buffer 
layer was 10 À, but the thickness of the hole transporting layers (HTL's) increased and the 
electron-transporting layer (ETL) decreased from Device A to Device C: Device A was 
ITO/[150ÀNPB]/[200 À PRL:CBP]/[100 A Bu-PBD]/[450 A DCMLAlqaj/CsF/Al, Device 
B was ITQ/[300 A NPB]/[300 A PRL:CBP]/[100 A Bu-PBD]/[250 A DCMLAlqsj/CsF/Al, 
and Device C was ITQ/[350 A NPB]/[350 A PRL:CBP]/[100 A Bu-PBD]/[150 A 
DCMhAlqaj/CsF/Al. These OLED's were designed to achieve two emission zones, i.e., one 
in the PRL:CBP and one in the DCMLAlqg. This, however, requires an additional layer to 
separate the two zones. Bu-PBD was chosen for this separating layer due to its wide energy 
gap (see Fig. 8.1). While the wide gap results in a lowered current injection and higher onset 
voltage than a device without such a layer, optimized layer thicknesses can yield a higher 
external quantum efficiency Since Bu-PBD has a higher HOMO level than CBP and a 
lower LUMO level than DCMl, it would enable the holes to drift to the DCMLAlqs and 
electrons to drift to the PRL:CBP. We also note that CBP is a bipolar carrier transport 
material.^ In addition, the PRL:CBP guest-host system has been used as an emitting layer for 
blue OLED's^ and as the blue lasing medium for an optically-pumped laser,^ and 
DCMLAlqa was used for optically-pumped red lasing.^ Finally, the advantages of using a 
guest-host emitting layers are manifest in both an enhanced EL efficiency and in carrier 
transport.'* 
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The recombination zone is determined by the hole and electron mobilities (/4, and 
respectively), the effective energy barriers at the various electrode/organic and 
organic/organic interfaces, the applied bias (since the field-dependence of the mobilities 
varies from layer to layer^, and by the thicknesses of the layers. Hence it may be adjusted by 
changing the relative thickness of HTL and/or the ETL. In this work, in the HTL was 
larger than in the ETL, we would expect red rather than blue EL from a devcie with a thin 
HTL and thick ETL, ant the emergence of the blue emission band as the thickness of the 
HTL decreases and that of the ETL increases. 
Decreasing the DCMLAlqa thickness should weaken the emission from DCMl on 
another count: Since the most of the potential drop occurs across this layer/' decreasing its 
thickness increases the electric field in that layer, and consequently increases the electric 
field-induced dissociation rate of SE's.^ In addition, as the average distance of the DCMl SE 
state from the metal cathodes decreases, the quenching of SE's by direct energy transfer to 
the metal cathode mirror increases/^ This effect would be particularly strong in the 150-
350 À range of thicknesses of the DCMl :Alqa layers fabricated in this study 
83. Results and Discussion 
The EL spectra of Devices A, B, and C, all measured at a bias of 15 V and shown in 
Figure 8.2(a), confirm the foregoing considerations: In Device A, where the NPB and 
PRL:CBP HTL's were 150 and 200 Â thick, respectively, while the DCMLAlqs ETL was 
450 A thick, only the red emission of DCMl is observed. As the NBP and PRL:CBP 
thicknesses are increased to 350 and 350 A, and the DCMLAlq; thickness is decreased to 
150 A, the blue emission band grows, and the red emission band weakens, until the two 
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become comparable in Device C. Thus the simple assumption of an emission zone which 
varies with the HTL and ETL thicknesses appears applicable to this type of multilayer 
structures. Note however, that the red DCMl emission band blue-shifts by - 20 nm from 
Device A to Device C. This blue shift is not understood at present, since it cannot be due to 
the tail of the blue perylene band, which is negligible in Device B. 
Figure 8.2(b) compares the PL and EL spectra of Device C. The PL spectrum, excited 
from the glass side, consists of four distinct emission bands: the 425 nm band of NPB, and 
the 453, 487, and 524 nm bands from perylene. When the PL was excited from the 
DCMLAlqs side (not shown), a shoulder at 431 nm from NPB, peaks at 456 and 486 nm, a 
shoulder at 520 nm from perylene, and a shoulder at 602 nm from DCMl were observed. 
Hence it appears that the combined 800 A thick NPB, perylene: CBP, and Bu-PBD layer 
absorb most of the incident photons when the device is photoexcited from the glass side. 
Since the PL does not include the 390 nm CBP emission band, FOrster energy transfer from 
CBP to perylene is concluded to be very efficient, in agreement with previous studies/*'^ In 
addition, we rule out any contribution of Alq3 to the emission at - 520 nm, since separated 
PL measurement on a 2 wt.% DCMl:Alqg film yielded only the DCMl emission band, i.e., 
Fôrster energy transfer form Alq3 to DCMl is also very efficient. 
The EL spectrum of Device C (Fig 8.2(b) consists of the perylene emission bands at 453, 
487, and 524 nm, and the DCMl emission band at 600 nm. Thus, in contrast to the PL, the 
EL shows almost equal contributions from perylene and DCMl. Thus, the EL is entirely 
consistent with the efficient Fôrster energy transfer from CBP to perylene and from Alq3 to 
DCMl noted above. 
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Figure 8.2. (a) The EL spectra of Device A, B, and C (see text) at 15V. (b) The PL (solid 
line) and EL at 15 V (triangles) spectra of Device C. 
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Figure 8.3 shows the Current-Voltage-Luminescence curves of Device C. The onset 
bias, i.e., the bias at which the luminance is - 1 Cd/m^, is - 6.5 V. Since the total thickness of 
the organic layers is 950 À, this voltage corresponds to an overall field of -0.7 MV/cm. 
The peak radiometric efficiency for Device C was calculated to be 0.63 Im/W at 8.5 
volt, but the peak photometric efficiency was 2.4 Cd/A at 19 V; a brightness of 3750 Cd/m^ 
was measured at 20 V, i.e., the device exhibited a brightness which approached 4000 Cd/m^ 
before breakdown, which occurred at 21.5 V, i.e, at an overall field of 2.33 MV/cm. 
As noted above, the EL spectra shown in Fig. 8.2(a) clearly demonstrate that the blue 
emission band grows as the ETL thickness decreases and the HTL thickness increases. 
Previous studies on delta-doped bilayer devices10 indicate that the recombination zone in the 
DCMl :Alqa layer should be close to the Bu-PBD/DCMl :Alqs interface. The evolution of the 
EL spectra with the HTL and ETL thicknesses indicate that /4, is much higher in NBP and 
PRL:CBP than in DCMLAlqa layer. Thus the resulting electric Geld distribution inside the 
device is inhomogeneous and most of the voltage drop occurs across the DCMLAlqs layer. 
Reducing the thickness of the ETL from 450 to 150 A increases the cathode mirror- and 
field-induced dissociation of the DCMl SE's in that layer more than of those in the 
PRL:CBP. 
Figure 8.4 shows the evolution of the EL spectrum of Device C as the bias is 
increased from 14 to 21V. This evolution is entirely consistent with the scenario described 
above: Since most of the potential drop occurs across the DCMLAlqg layer/' increasing the 
bias increases the field-induced dissociation of the DCMl SE's, and weakens the DCMl EL 
band relative to the perylene band. 
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The inset of Figure 8.4 shows the dependence of the amplitudes of the 453 and 600 
(,4f/% and respectively) on the Held. The squares and circles indicate the relative 
amplitude of the blue band Abbe = A?Ri /(/*,% + ^ocm) and the red band = ^DcWW/% 
+ j4DCMf). The field dependence of the spectra of OLEDs has been studied by several 
workers/' and it is concluded, as noted above, that the major cause of the spectral variation 
with applied bias is the field-dependent quenching of the DCMl SE's. 
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Figure 8.5 shows the CIE coordinates of Device A-C and the evolution of the 
coordinates of Device C with the bias V. As clearly seen and expected, the coordinates of 
Device A (0.62, 0.37) are well within the red region, those of Device B (0.543, 0.39) are 
much closer to the white region, and those Device C are well with white region. Also as 
expected from Fig. 8.4 and the foregoing discussion, the coordinates of Device C evolve 
towards the blue region as V increases from 14 to 21 V. However, even at 21 V they are still 
510 
500 
ITO/NPB/CBP:PRL/Bu-PBD/Alq,:DCM/CsF/Al 
Device C Device A 
.550 / Device B 
Green 
White 
490 640 
770 
ITO/NPB/CBP:PRL/Bu-PBD/CsF/Al 
I , 1 i L 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0. 
x 
189 
well within the white region. Hence, Device C is a white OLED that can reach a high 
brightness with relatively stable CIE coordinates. 
8.4. Summary 
In summary, the fabrication and properties of white ITO/NBP/[2 wt.% 
perylene:CBP]/[Bu-PBD]/[2 wt.% DCMl :Alq3]/CsF/Al OLED's were described. In 
agreement with previous studies, it was shown that very efficient FOrster energy transfer 
from the host to the guest occurs in both perylene:CBP and DCMl:Alq3. It was also shown 
that as the NPB and perylene:CBP thickness increased and the DCMl:Alq3 thickness 
decreased, the perylene blue EL band increased relative to the DCMl red EL band. In Device 
C, where the thickness were 350 and 350 A, and 150 A, respectively, the CIE coordinates 
were well within the white region, but they evolved towards the blue as the bias P increased. 
The onset voltage of this device was 6.5 volt at 1 Cd/m^ and the peak radiometric efficiency 
was 0.63 Im/W at 8.5 volt. Its photometric peak efficiency was 2.4 Cd/A at 19V and its 
brightness reached 3750 Cd/nf at 20 V. Both the layer thickness- and bias-dependence 
emission of the devices are believed to result from changes in the recombination zone and in 
the field- and cathode-mirror-induced quenching of the DCMl singlet excitons. 
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IX. SUMMARY, CONCLUDING REMARKS, AND FUTURE WORK 
In summary, we observed a close relation between the density of carrier trapping 
states, the photoluminescence (PL) detected magnetic resonance (PLDMR) intensity, and the 
PL quantum yield (PLQY), as anticipated. The PLQY is reduces by increasing the defect 
density of m-LPPP by photo-oxidation. At the same time, the spin % PLDMR increases. 
These imply that singlet excitons (SEs) can be quenched efficiently by extrinsic defect 
generation, and the spin % PLDMR indeed originates from the reduced polaron population at 
the field of resonance. This resonance can be used to estimate the defect content in different 
materials. The result yield a trap density of2%10^ cm"^ in m-LPPP and 1%10^ cm"^ in PHP. 
The observed higher carrier mobility of PHP relative to m-LPPP, is consistent with these 
results/ 
The thermally stimulated current (TSC) study on m-LPPP yields the main trap level 
of 60 meV, with a possible shallow trap level around 6 meV. In PHP, the trap level is not 
clear due to the small signal. Tentatively, the trap level in PHP appears to be - 120 meV. 
Deeper trap containing materials would have low mobility in general. Thus the PHP trap 
level requires a further confirmation since the mobility of PHP is higher than that of m-LPPP. 
The TSL study on CzEh-PPV yields two different kinds of trap sites. The shallow trap has an 
average energy of 64 meV, which is similar to that of m-LPPP. The deeper trap is, on 
average, 175 meV deep. This implies that the CzEh-PPV would have much lower mobility 
than m-LPPP. Indeed, the mobilities determined by time-of-flight measurements agree with 
this conclusion/ 
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The joint thermally stimulated luminescence (TSL) and PLDMR investigation on 
CzEh-PPV clearly shows that the recently suggested delayed PL model^ cannot be the origin 
of the spin PLDMR. Instead, the quenching model^ is the only valid interpretation of all 
the data we have observed until now. This study implies that further experimental 
confirmation is required to support the theoretical studies*'^ and experimental studies*'* which 
claim a higher singlet exciton formation cross section. A TSC study on CzEh-PPV is also 
required to quantify the defect density in this polymer. The joint TSL and TSC experimental 
setup is in preparation by the author and we will revisit this polymer and other materials in 
the near future. 
The PLDMR and PLQY study of Alq; sheds new light on small organic molecules. 
Surprisingly, the vacuum evaporated films have a much lower PLQY than the polycrystailine 
powder samples. Here we prove again that the spin % PLDMR intensity is proportional to the 
defect content. The PLDMR triplet powder pattern of Alqa yields a spatial extent of triplet 
exciton of - 3.4 À, and we conclude that the location of the triplet should be the penoxide 
ring rather than the pyridil ring. Further study is required to confirm this conclusion. 
Fabricating white OLEDs with two distinct recombination zones demonstrated the 
ability to control in multilayer OLEDs. Control of recombination zone was achieved by 
adjusting the thickness of the organic layers. 
For PLQY studies we need to develop time resolved measurements to deepen our 
understanding of degradation processes in organic semiconductors. Since OLEDs are already 
commercialized, future studies should focus on degradation processes. TSC, TSL, PLQY, 
and ODMR are very sensitive tools for studying defect states. Thus, further development of 
these tools is highly desirable. 
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